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ABSTRACT

Freshwater estuaries throughout the Great Lakes region receive nutrient
loadings and trace metals from agricultural runoffs and urban centers. Such
anthropogenic stressors have been previous demonstrated to affect the microbial
community composition in polluted ecosystems. This thesis explores the microbial
biogeography of 18 tributaries to understand the relationship between the
microbial community structure and habitat profiles, and the impacts of these
microbial communities on fish microbiomes. Partial Mantel test showed a
significant correlation (R2 =0.16) between environment and bacterial community
structure while controlling for spatial distance. Canonical correspondence analysis
demonstrated distinct clusters corresponding with specific environmental drivers’
characteristic of specific tributary types. The gut microbiome of fish at these sites
showed a significant correlation with environmental bacteria but not with other
environmental parameters or spatial distance. This study supports the use of
microbial communities as indicators of ecological change and demonstrates that
these communities affect the microbiome of higher trophic organisms.
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CHAPTER 1
General Introduction

The field of biogeography focuses on the distribution of organisms over space and
time (Lomolino et al., 2006; Ganderton et al., 2005). While the majority of
biogeographical study has occurred on macro-organisms, more recently there has been
increased interest in applying novel genetic techniques to study the distribution, or
biogeography, of micro-organisms in the environment (Green et al., 2008; Martiny et al.,
2006; Ramette and Tiedje, 2007). Microbial biogeography examines the patterns of
distribution of microorganisms within microbial communities across geographic location
and time. There has been considerable debate in regards to the fundamental question of
microbial biogeography, what determines the distribution of microbial organisms. Two
main paradigms exist in this field. The first is in support of the prevailing idea of
microbial biogeography for much of the last century, the Baas Becking hypothesis. The
Baas-Becking hypothesis states, "Everything is everywhere, but the environment selects"
in reference to the distribution of microbial organisms in the environment (Baas-Becking,
1934). Most researchers support this theory and believe that the distribution of microbial
organisms is cosmopolitan, but the community that can be measured in any given habitat
is determined by the environment at that site. For example, in a study of ciliated protozoa
found in lake sediments, it was observed that when a sample was cultured under native
conditions only 20 species were observed, but the same sample when cultured under
different conditions produced over 130 species (Fenchel et al., 1997). This study implies
a strong environmental effect driving microbial biogeography. The second ideology puts
a greater emphasis on geographic and habitat features driving microbial community
1

characterizations similar to macroorganisms. Bell et al. (2005) performed a study on the
microbial communities in different sized “island” environments (water-filled tree holes)
and found relationships among genetic diversity in the community, size of island habitats,
and distance between island habitats, similar to macroorganisms. This finding implied a
spatial component to environmental biogeography. The use of advanced genetic
techniques to characterize microbial communities has provided new insight into the
structure of those communities; however, there is still uncertainty as to whether
microorganisms exhibit predictable patterns in their abundance and distribution.
Water pollution is a growing problem in urban, industrial, and agricultural areas
around the world (Hart et al., 2004; Sagehashi et al., 2001). For years, the Great Lakes
were used as a means to dispose of toxic wastes from industry and pollutants from urban
areas. These pollutants proved harmful to the organisms that inhabited the waters (Hartig
and Thomas, 1988; Marvin et al., 2002). This use of the Great Lakes as a location to
dispose of waste was the norm until 1974 with the signing of the Great Lakes Water
Quality agreement where 43 regions within the Great Lakes and their adjoining channels
were deemed to be “areas of concern” owing to the disposal of pollutants and concerns
for the safety of those using the lakes for drinking water, or a source of food (fish)
(Hartig and Thomas, 1988). The condition of the Great Lakes has improved dramatically
since the implementation of regulations in the 1970s to curb the release of harmful
chemicals into the environment, and research has shown that those regulations have been
generally successful (Gewurtz et al., 2007).
The quantification of the impact of pollutants on freshwater ecosystems is a
critical component of environmental conservation and resource management (Dudgeon et
2

al., 2006). Many anthropogenic stressors impact the environment, and two areas of
specific concern are the introduction of nutrient pollution from agricultural run-off (Tong
et al., 2005) and trace metals (Nriagu and Pacyna, 1988) into freshwater environments.
Since microbial organisms are very sensitive to pollutant effects (Bååth et al., 1998;
Muller et al., 2001), they are good candidate organisms to use as bioindicators to quantify
the effects pollutants are having on an affected environment. Microbial organisms have
been shown to change their community structure in relation to nutrient and metal
contaminants (Cairns Jr. et al., 1972), further strengthening the importance of studying
the environmental microbial community response to these contaminants in problem areas.
Much research has been done showing the effect of specific contaminants on selected
microbial communities, providing evidence that pollutants can change the community
activity and structure of environmental microbial organisms. For example, streams that
experience input of fungicides from agricultural areas have been shown to experience a
decrease in the decomposition activity of aquatic microbial communities (Artigas et al.,
2012). It was also found that nanoparticles originating from consumer products have the
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effect of decreasing diversity and abundance in aquatic microbial communities
(Doiron et al., 2012; Thié et al., 2012). Massive parallel (Next Generation) sequencing
was used to quantify the effects of industrial run-off from oil processing on the diversity
and composition of aquatic microbial communities (Yergeau et al., 2012). That study
showed that microbial diversity was lower near the source of pollution, and the authors
proposed the use of microbial species composition as a bioindicator. The above authors
also provided a framework for sampling techniques for future studies designed to test the
impact of point sources of pollution on microbial communities.
The impact pollution has on microbial life is also important to consider as
microbial communities have a critical role in the food webs in the ecosystems in which
they reside (Sarmento, 2012). Microbial organisms are essential for nutrient cycling and
carbon flow within an ecosystem, and also share symbiotic relationships with other
organisms. The microbial communities that inhabit the bodies of another organism are
referred to as their “microbiomes”, a concept which has spurred a growing area of
microbial research. For this thesis, the term microbiome will be used to describe the
community of microbial organisms that share the body of another organism. The majority
of research done on microbiomes has been on humans and mice, with little research being
done on fish microbiomes, though this area is growing (Llewellyn et al., 2014). In
mammals, the current data indicates that the microbiome is developed from successive
environmental exposures, and is established as a “core-microbiome” early in
development (Kaiko and Stappenbeck, 2014). It is believed that this microbiome is
derived from close contact with the parent that facilitates microbiome transfer through
physical contact and breast milk (Kostic et al., 2013). That being said, core microbiomes
4

have been reported in zebrafish, among other species (Li et al., 2014; Roeselers et al.,
2011), but many fishes show little or no parental care (and hence opportunity for
microbiome transfer). Therefore the study of fish microbiomes in diverse environments is
critical as it would shed light on the source of the gut microbiome community in fish and
other non-mammalian species.
Much research has been done in recent years examining the impact of the human
microbiome on the health of its hosts through the Human Microbiome Project
(Turnbaugh et al., 2007). Previous research has shown that microbiome profiles are a
good indicator of organism health (Ni et al., 2014), but there has been relatively little
research in this area for fish species. Though core microbiome profiles have been
reported for zebrafish living in environments with various levels of pollution (Roeselers
et al., 2011), little research has been done on the dynamics of the microbiome of
conspecifics subjected to natural environmental stressors. The effects of various
environmental parameters on freshwater microbial populations (both external and internal
to other organisms) have rarely been studied and this study provides an exciting
opportunity to understand how environmental stressors can affect the organisms at the
base trophic levels, and how those effects cascade up to higher levels. The existing
literature supports the realistic objectives and goals of a study regarding effects of
pollution on aquatic microbial communities (specifically autotrophic and
chemoautotrophic bacteria) in the water and fish guts in the Great Lakes system.
The objective of Chapter 2 is to characterize water column associated microbial
communities with the emphasis on composition (distribution and relative abundance)
differences across gradients of pollutants (nutrients, metals, and other water quality
5

parameters) to determine if patterns in community structure can be found that relate to
specific environmental gradients. I hypothesize that environmental profiles that are
measured will consistently correlate with specific microbial community structures
regardless of geographic isolation. By extension I hypothesize that the environment will
correlate more strongly than spatial distance between sites.
The objective of Chapter 3 is to characterize the gut microbiome of multiple fish
species found in rivers and tributaries within the Huron-Erie corridor to determine if they
hold a constant gut microbiome across different environments, or if environmental
stressors such as pollutants or the environmental microbial community can be used to
predict shifts in the microbiome of these fish.
The overall objective of this thesis is to identify the effects of environmental
contaminants/nutrients on aquatic microbial communities and on the composition of
microbiome communities associated with the gut flora of fish.

6

REFERENCES/BIBLIOGRAPHY
Artigas, J., Majerholc, J., Foulquier, A., Margoum, C., Volat, B., Neyra, M., & Pesce,
S. (2012). Effects of the fungicide tebuconazole on microbial capacities for litter
breakdown in streams. Aquatic Toxicology, 122, 197-205.
Baas-Becking, L. G. M. (1934). Geobiologie; of inleiding tot de milieukunde. WP
Van Stockum & Zoon NV.
Bååth, E., Díaz-Raviña, M., Frostegård, Å., & Campbell, C. D. (1998). Effect of
metal-rich sludge amendments on the soil microbial community. Applied and
Environmental Microbiology, 64(1), 238-245.
Bell, T., Ager, D., Song, J. I., Newman, J. A., Thompson, I. P., Lilley, A. K., & Van
der Gast, C. J. (2005). Larger islands house more bacterial taxa.Science, 308(5730),
1884-1884.
Cairns Jr, J., Lanza, G. R., & Parker, B. C. (1972). Pollution related structural and
functional changes in aquatic communities with emphasis on freshwater algae and
protozoa. Proceedings of the Academy of Natural Sciences of Philadelphia, 79-127.
Doiron, K., Pelletier, E., & Lemarchand, K. (2012). Impact of polymer-coated silver
nanoparticles on marine microbial communities: a microcosm study. .Aquatic
Toxicology, 124, 22-27.
Dudgeon, D., Arthington, A. H., Gessner, M. O., Kawabata, Z. I., Knowler, D. J.,
Lévêque, C., & Sullivan, C. A. (2006). Freshwater biodiversity: importance, threats,
status and conservation challenges. Biological Reviews, 81(2), 163-182.
Fenchel, T., Esteban, G. F., & Finlay, B. J. (1997). Local versus global diversity of
microorganisms: cryptic diversity of ciliated protozoa. Oikos, 220-225.
Ganderton, P. S., Ganderton, P., & Coker, P. (2005). Environmental Biogeography.
Pearson Education.
Gewurtz, S. B., Helm, P. A., Waltho, J., Stern, G. A., Reiner, E. J., Painter, S., &
Marvin, C. H. (2007). Spatial distributions and temporal trends in sediment
contamination in Lake St. Clair. Journal of Great Lakes Research, 33(3), 668-685.
Green, J., & Bohannan, B. J. (2006). Spatial scaling of microbial biodiversity. Trends
in Ecology & Evolution, 21(9), 501-507.
Hart, M. R., Quin, B. F., & Nguyen, M. (2004). Phosphorus runoff from agricultural
land and direct fertilizer effects. Journal of Environmental Quality, 33(6), 1954-1972.
Hartig, J. H., & Thomas, R. L. (1988). Development of plans to restore degraded
areas in the Great Lakes. Environmental Management, 12(3), 327-347.
Kaiko, G. E., & Stappenbeck, T. S. (2014). Host–microbe interactions shaping the
gastrointestinal environment. Trends in Immunology, 35(11), 538-548.
7

Kostic, A. D., Howitt, M. R., & Garrett, W. S. (2013). Exploring host–microbiota
interactions in animal models and humans. Genes & Development, 27(7), 701-718.
Li, J., Ni, J., Wang, C., Li, X., Wu, S., Zhang, T., ... & Yan, Q. (2014). Comparative
study on gastrointestinal microbiota of eight fish species with different feeding habits.
Journal of Applied Microbiology, 117(6), 1750-1760.
Llewellyn, M. S., Boutin, S., Hoseinifar, S. H., & Derome, N. (2014). Teleost
microbiomes: the state of the art in their characterization, manipulation and
importance in aquaculture and fisheries. Frontiers in Microbiology, 5.
Lomolino, M. V., Riddle, B. R., Brown, J. H., & Robert J.. Whittaker.
(2006).Biogeography (p. 845). Sunderland, MA: Sinauer Associates.
Martiny, J. B. H., Bohannan, B. J., Brown, J. H., Colwell, R. K., Fuhrman, J. A.,
Green, J. L., ... & Staley, J. T. (2006). Microbial biogeography: putting
microorganisms on the map. Nature Reviews Microbiology, 4(2), 102-112.
Müller, A. K., Westergaard, K., Christensen, S., & Sørensen, S. J. (2001). The effect
of long-term mercury pollution on the soil microbial community. FEMS
Microbiology Ecology, 36(1), 11-19.
Ni, J., Yan, Q., Yu, Y., & Zhang, T. (2014). Factors influencing the grass carp gut
microbiome and its effect on metabolism. FEMS Microbiology Ecology, 87(3), 704714.
Nriagu, J. O., & Pacyna, J. M. (1988). Quantitative assessment of worldwide
contamination of air, water and soils by trace metals. Nature, 333(6169), 134-139.
Ramette, A., & Tiedje, J. M. (2007). Biogeography: an emerging cornerstone for
understanding prokaryotic diversity, ecology, and evolution. Microbial Ecology,
53(2), 197-207.
Roeselers, G., Mittge, E. K., Stephens, W. Z., Parichy, D. M., Cavanaugh, C. M.,
Guillemin, K., & Rawls, J. F. (2011). Evidence for a core gut microbiota in the
zebrafish. The ISME Journal, 5(10), 1595-1608.
Sagehashi, M., Sakoda, A., & Suzuki, M. (2001). A mathematical model of a shallow
and eutrophic lake (the Keszthely Basin, Lake Balaton) and simulation of restorative
manipulations. Water Research, 35(7), 1675-1686.
Sarmento, H. (2012). New paradigms in tropical limnology: the importance of the
microbial food web. Hydrobiologia, 686(1), 1-14.
Thiéry, A., Jong, L. D., Issartel, J., Moreau, X., Saez, G., Barthelemy, P., ... &
Bottero, J. Y. (2012). Effects of metallic and metal oxide nanoparticles in aquatic and
terrestrial food chains. Biomarkers responses in invertebrates and bacteria.
International Journal of Nanotechnology, 9(3), 181-203.

8

Tong, Y., Lin, G., Ke, X., Liu, F., Zhu, G., Gao, G., & Shen, J. (2005). Comparison
of microbial community between two shallow freshwater lakes in middle Yangtze
basin, East China. Chemosphere, 60(1), 85-92.
Turnbaugh, P. J., Ley, R. E., Hamady, M., Fraser-Liggett, C. M., Knight, R., &
Gordon, J. I. (2007). The human microbiome project. Nature, 449 (7164), 804-810.
Yergeau, E., Lawrence, J. R., Sanschagrin, S., Waiser, M. J., Korber, D. R., & Greer,
C. W. (2012). Next-generation sequencing of microbial communities in the
Athabasca River and its tributaries in relation to oil sands mining activities. Applied
and Environmental Microbiology, 78(21), 7626-7637.

9

CHAPTER 2
Environmental stressor effects on the biogeography of aquatic microbial
communities
Introduction:
The Baas-Becking hypothesis states, "Everything is everywhere, but the
environment selects" in reference to the distribution of microbial organisms in the
environment (Baas-Becking, 1934). Most studies examining microbial biogeography
have found that the environment plays a role in the composition of microbial
communities, in line with the Baas-Becking hypothesis (de Wit and Bouvier 2006).
Another approach to analyzing the biogeography of microbial communities is to focus on
the geographical (spatial isolation) effect on the diversity and composition of microbial
communities. It has been widely accepted that spatial isolation has an effect on the
community ecology of macroorganisms (for example the distance decay relationship
(Nekola & White, 1999)), but there has been considerable debate in the field of microbial
biogeography whether the concepts of community ecology that apply to macroorganisms
hold true for microbes. Cho and Tiedje (2000) found that in fluorescent pseudomonads,
genetic distance was positively correlated with geographic distance. Oda et al. (2003)
found a similar pattern in bacteria, with genetic distance increasing with geographic
distance, though on a much smaller scale (spatial distance of only 10 meters). In a review
by Martiny et al. (2006) of ten studies (of varying scales, habitat, and characterization
techniques) that all examined the effect of spatial distance on microbial community
composition, only five showed a distance effect on microbial community structure
(measured using Operational Taxonomic Units (OTUs)). However, within the same set of
10

studies, Martiny et al. (2006) found that seven showed an environmental effect, in line
with the Baas-Becking hypothesis. It is clear that both environmental and geographical
(spatial isolation) characteristics can affect microbial biogeography; but few studies have
addressed both (Green et al., 2008). The application of modern DNA sequencing
techniques provides increased resolution to characterize microbial communities, and that
will continue to improve our understanding of the emerging field of microbial
biogeography.
Modern sequencing technologies provide the most accurate method of
characterizing microbial communities to date by allowing better taxonomic resolution
(Poisot et al., 2013). In recent studies of biogeography, the use of Massive parallel (Next
Generation) sequencing (NGS) has greatly increased the power and resolution of
characterizing microbial community structure. In one study of marine microbial
communities, both spatial and environmental factors were found to have roles in
microbial biogeography, but the environmental factors played a much greater role (Zhang
et al., 2014). More specifically it was determined that temperature, salinity, dissolved
oxygen concentrations, dissolved carbon concentrations, chlorophyll A concentrations,
and depth were most important in explaining the community structure of microbial
communities. In terms of geographic distance, a distance decay relationship was observed
among microbial communities, but this spatial measure was far less correlated with
community composition than environmental measures (Zhang et al., 2014). A study by
Heino et al. (2014) also examined the relative roles of environmental factors and spatial
effects in determining the structure and diversity of microbial communities (characterized
by NGS), in 30 boreal streams across Finland. They found that the composition and
11

diversity of microbial communities were most related to water chemistry variables
(specifically pH, aluminum levels, iron levels and total phosphorus) (Heino et al., 2014).
While many studies have shown statistically significant factors affecting microbial
biogeography, much of the variation remains unexplained, suggesting additional research
should examine a broader scope of environmental factors to better characterize this
complex environment-community interaction.
Some of the environmental parameters that are most important to study in relation
to how they affect microbial communities are those driven by anthropogenic factors.
Water pollution is a growing problem in urban, industrial, and agricultural areas around
the world (Sagehashi, et al., 2001; Hart et al., 2004). For example, the Great Lakes were
used as a means to dispose of wastes from industry and pollutants from urban areas
causing harm to organisms and communities inhabiting those waters (Hartig & Thomas,
1988; Marvin et al., 2002). Though the condition of the Great Lakes has improved
dramatically since the implementation of regulations in the 1970s to curb the release of
harmful chemicals into the environment (Gewurtz, et al., 2007), the Great Lakes water
system provides an ideal study system for the study of microbial biogeography because
of the various levels of anthropogenic stresses in its tributaries. The quantification of the
impact of pollutants on freshwater ecosystems is a critical component of environmental
conservation and resource management (Dudgeon, et al., 2006). Specifically, it is
essential to study how pollutants may be affecting the microbial communities because
they are central to nutrient cycling in most aquatic ecosystems (Vitousek et al., 1997).
Microbial organisms are very sensitive to stress effects (Baath et al., 1998; Muller et al.,
2001), and as they are essential components of the food-web and ecosystem (Vitousek et
12

al., 1997; Gessner et al. 2010), the effect of stressors on microbial community structure is
fundamental to measuring the ecological impact of stressors in aquatic environments. A
review paper by Zeglin et al., (2015) explained that much research has examined
environmental drivers of microbial diversity, including studies focused on nutrient
concentrations (56 studies), organic matter (52), hydrological variation (32), metal
concentrations (31), land use (28), and temperature (28). Two areas of specific concern
emerge; the introduction of nutrient pollution from agricultural run-off (Tong et al., 2005)
and elevated trace metal concentrations (Nriagu & Pacyna, 1988) in freshwater
ecosystems. Nutrient and metal contaminants have been previously shown to change the
community structure of microbial organisms (Cairns et al., 1972), but the application of
modern molecular DNA fingerprinting techniques allow the study of microbial
communities at much greater resolution than past studies to better quantify the ecological
effects on these microbes, mainly because the majority of bacteria remain uncultured.
The objective of this chapter is to study the biogeography of water column
associated microbial communities to test for composition (distribution and relative
abundance) and diversity differences across chemical gradients of environmental
measures of specific relevance to microbial communities (nutrients, and heavy metal
contaminants) and other tributary characteristics to determine if patterns in community
structure can be found that relate to specific environmental profiles. I expect that higher
levels of microbial diversity will be seen in environments that have the lowest pollutant
levels. More specifically I suspect that high metal contaminant concentrations will result
in the lowest levels of biodiversity amongst sites in line with previous studies (Zeglin,
2015). Also I hypothesize that certain environmental profiles will consistently correlate
13

with specific microbial community structures regardless of geographic isolation, in
support of the Baas-Becking hypothesis. Additionally I hypothesize that there will be a
great deal of variation found among sites of the same water body, as long as the
environmental stressors are found to be variable amongst sites.
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Materials and Methods:

Study Sites:

Water was sampled in tributaries of various sizes located in southwestern Ontario,
feeding Lakes Erie and St. Clair. Sampling locations included 18 water bodies in
Southwestern Ontario that are contained within the watershed of the Huron-Erie Corridor
(Figure 2.1). Each tributary was sampled at 3 sites that were spaced at least 1 kilometer
apart, with the exception of Sturgeon Creek which was only large enough for 2 sampling
sites. Therefore there were a total of 53 sampling sites. The selected tributaries vary in
many metrics broadly classified as site characteristics and environmental stressors (Table
2.1), and that variation allows the characterization of microbial communities in aquatic
environments with different hydrological features. By including a wide variety of
sampling sites, greater resolution will be possible for microbial community
characterization, as the sample sites include a diverse set of environmental conditions and
landscape variation. Additionally, the selected tributaries had differing historic levels of
urban, agricultural, and industrial pollutants creating different types and levels of
anthropogenic disturbances to provide gradients of environmental stressors. The site
characteristics and environmental parameters at each site were measured at the time of
sampling. Specifically, I measured site characteristics, nutrient levels, and metal
contaminant concentrations in the water column.
Sampling Procedure:

All sampling was done in fall 2014 (October to November), specific sampling
methodologies follow. The distance from shore at which the samples were collected
15

varied depending on the accessibility of the site, but all samples were collected within a 3
meter radius from one another.
Water Quality Parameters:

A single sample to measure selected water quality parameters of each tributary
was collected by filling a plastic bucket with water from the site; the bucket was
thoroughly rinsed using the water at the site prior to taking the sample. Temperature,
specific conductance, dissolved oxygen, pH, and oxidation-reduction potential were
measured at all sites except for the three sites in the Detroit River, for which only pH was
recorded. All measurements were performed using a Hydro Lab which was calibrated at
the beginning of the sampling season. Once the measurement was taken, the water was
discarded; these measurements were taken before any additional sampling was
performed.
Nutrient Analysis:

Water samples (500 mL) for phosphorus and nitrogen concentration
measurements (nutrients) were collected from each tributary site at a depth of
approximately 0.5 m from the surface. The sample was placed in an acid washed, amber
glass bottle. A total of 53 samples were collected (3 samples per tributary with the
exception of Sturgeon Creek). Samples were transported on ice to the laboratory and then
stored at 4oC (maximum 48 hours) until acidified with 1 mL of stock sulphuric acid for
preservation.
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Total phosphorus was measured in the Nutrient Analysis Lab at the Great Lakes
Institute of Environmental Research (GLIER) using an ascorbic acid method previously
described (Edwards et al., 1965; Murphy & Riley, 1962) in accordance with EPA
standard methods. Total organic nitrogen levels were measured using a persulfate
digestion protocols, in accordance with EPA standard methods (D’Elia et al., 1977) at the
University of Georgia. No measurement fell below the detection limit for either total
nitrogen or phosphorus.
Metals Analysis:

Water samples (20 mL) for metals analysis were collected from each tributary
site. Samples were collected from at a depth of approximately 0.5 m (as described above)
from the surface in an acid washed plastic bottle. Samples were transported on ice to the
laboratory on the same day as collected and stored at 4oC until acidified with 45 μL of
stock nitric acid for preservation, which was done within 48 hours of sample collection.
A broad spectrum metals analysis was performed at the Metals Analysis Lab in GLIER
using an ICP-OES (Agilent 720-ES, 700 series). Detection limits for the metals analyzed
are provided in Appendix A.
Microbial Analysis:

All water samples for microbial community characterization were collected after
the collection of water samples for environmental parameters. Samples were collected
from the shore, at approximately 0.5 m depth, with special care taken not to collect any
silt that was disturbed by my sampling activities. The samples were collected from within
a 3 meter radius of where the other environmental measure water samples were collected.
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Microbial samples were collected and stored in 500 mL plastic bottles that were
previously treated with bleach and then rinsed thoroughly and dried. Triplicate samples
were collected at each site resulting in a total of 159 microbial water samples. The
samples for microbial (bacterial) community analysis were stored at 4oC until they were
filtered (within 5 days) using two 0.2 µm filter papers per water sample (250 mL per
filter). The filters were then stored at -20oC until DNA extractions were performed. DNA
extractions were performed on the biomass scraped from the filters using methods
described in Chaganti et al. (2012). In brief, the collected material was combined with
400 uL of ddH2O (double distilled water) and added to a clean 2mL plastic screw-top
tube with an equal volume of glass beads, Cetyltrimethylammonium Bromide (CTAB )
digestion buffer and phenol chloroform isoamyl-alcohol (1/1/1/1). The sample was
homogenized to break down cell structures, and a standard PCI protocol was continued
through the extraction process. A 30 sample subset of extracted DNA samples (of 159)
was quantified using NanoVue (GE Healthcare Bio-Sciences Corp, New Jersey, USA) to
assess DNA quantity and quality. All DNA samples were PCR amplified using universal
bacterial PCR primers targeting the V5-V6 region of the 16S rRNA gene (F: 5’ACCTGCCTGCCGATTAGATACCCNGGTAG-3’; R: 5’ACGCCACCGAGCCGACAGCCATGCANCACCT-3’). This PCR was done in two
steps; the first was to amplify the targeted 16S rRNA gene, and the second to attach
barcodes to create a library for Next-Generation Sequencing (NGS). The thermocycling
protocol for the first PCR consisted of an initial denaturing stage at 94oC for 2 min, 27
cycles of denaturing at 94oC for 15 s, annealing at 48oC for 15 s, elongation at 72oC for
30 s, and a final elongation step at 72oC for 7 min, followed by a hold at 4oC. The second

18

PCR to create the barcoded library consisted of an initial denaturing stage at 94oC for 2
min, 8 cycles of denaturing at 94oC for 15 s, annealing at 60oC for 15 s, elongation at
72oC for 30 s, and a final elongation step at 72oC for 7 min, followed by an infinite hold
at 4oC. All barcoded PCR amplicons were pooled and visualized on an agarose gel, and
then excised and purified using a Qiagen MinElute gel extraction kit. In order to achieve
this, the PCR amplicons were assessed for DNA concentration and fragment size
distribution using an Agilent 2100 Bioanalyzer with a High Sensitive DNA chip (Agilent
Technologies, Mississauga, Canada). Each purified PCR sample was pooled at equal
concentrations for next generation sequencing.
The samples were sequenced on a “318” (3.7 million reads) microchip on an Ion
Torrent Personal Genome Machine (PGM) (Life Technologies, USA) with 850 cycles,
resulting in an expected average read length of >320 bp (Ion Express Template 400 bp
chemistry). After sequencing was completed, sequence reads were filtered within the
PGM software to remove polyclonal and low quality sequences. Also sequences that
matched the PGM 3’ adaptor were trimmed. The resulting filtered sequence data were
uploaded to the Metagenome Rapid Annotation using Subsystem Technology (MGRAST) server (http://metagenomics.nmpdr.org/), where it was checked for read quality
prior to de-replication, annotation, and assignment of taxonomic identification as
described in Meyer et al. (2008). A cluster analysis was used to determine operational
taxonomic units (OTUs) by clustering similar sequences based on a 97% similarity
threshold and taxonomy was assigned using the Ribosomal Database Project (RDP). As
the 97% similarity threshold was used to create OTU’s, the relative abundances of
organisms was collected at the genus level using an 80% sequence match (Hildebrand et
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al., 2014) to construct the bacterial community composition (BCC) structure, and only
organisms classified at the genus level were used in further analyses.
Data Analysis:

All analyses for this study were performed using the PAST program (Hammer et
al., 2001).
The relationship between environmental and spatial variables (contents of Table
2.1) was determined through the generation of a correlation matrix (Appendix A). We
examined the relationships between environmental parameters and the biogeography of
freshwater bacterial communities by examining both the diversity and composition of the
sampled microbial communities. The diversity of the communities was characterized

using Shannon’s

and Chao 1

indices, while variation in microbial composition was examined using pairwise distance
matrices based on community similarity.
Environmental effects on diversity:
Shannon and Chao 1 estimates of diversity were used as measures of biodiversity
for each environmental bacterial community. These indices were calculated using the
genus level of identification of samples once they blasted with the RDP database. Once
the diversity was quantified, we examined the relationship between microbial community
diversity and environmental parameters using a MANOVA analysis. Two sets of
environmental measures, water quality parameters and metals, were ordinated using a
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principal component analysis and represented through the first two or three principle
components, respectively. In total, five categories of environmental characteristics were
used: spatial position (characterized by latitude and longitude), water quality parameters
(represented by the first two PCs), total phosphorus levels, total nitrogen levels, and
metal contaminant levels (represented through 4 PCs). The number of appropriate PCA
axes to include in the analyses was determined based on a Broken Stick model.
Spatial vs environmental correlations with Bacterial Community Composition (BCC):
To identify whether spatial and/or environmental effects had a significant effect
on freshwater microbial community structure across sites, a multivariate-Mantel
correlation analysis was used among a set of distance matrices (Franklin & Mills, 2009).
Three distance matrices were constructed; 1) spatial distance between pairs of sampling
points 2) distance in environmental measures between pairs of sites, 3) distance in
community composition of environmental bacterial genera between sites. The spatial
distance matrix was created using the geographical distance similarity index in the PAST
program (Hammer et al., 2001). Cluster analyses were used to reduce environmental
measures into PCA axis scores to use in the generation of the environmental matrix. The
environmental matrix was then generated using the Euclidean similarity index because it
is commonly used for the creation of distance matrices from environmental measures.
The bacterial community composition (BCC) matrix was constructed using the BrayCurtis similarity index as it is widely used in ecological studies, specifically for
taxonomic abundance data (Ramette, 2007). Mantel correlation statistics were generated
between the BCC matrix and both the spatial matrix and environmental matrix,
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independently. Combinations of matrices were used for multivariate-Mantel statistics
using the default setting of 9999 permutations in PAST.
Partial Mantel tests were also performed to examine the correlation between the
environment and BCC while controlling for spatial effects, and for the correlation of
spatial effects while controlling for environmental effects. Furthermore, this same
technique was applied to examine the environmental effect on a subset of polluted sites
(Otter Creek & Big Creek, and then Little River independently) that showed high levels
of heavy metal contamination and high urban pollutants.
Determining patterns in BCC and identifying environmental drivers
To examine which specific environmental factors were the greatest drivers of
bacterial community structure variation among sites, a canonical correspondence analysis
(CCA) was used. The CCA is a constrained analysis that clusters sites based on bacterial
community structure and plots them on ordination axes which are constructed from
environmental data from each site. CCA is the method of choice for comparing
environmental measures with community structure for many ecology applications (ter
Braak & Smilauer, 2002). The environmental measures listed in Table 2.1 were
simplified to PC scores as described for the diversity MANOVA, and these scores were
used for the CCA environmental variables. Latitude and longitude were excluded from
the CCA analysis as they were not shown to be significantly correlated with
environmental BCC based on the Mantel test results.
To determine if the tributary clusters that were identified in the CCA contained
BCC that were indeed statistically significantly different, a one way PERMANOVA test
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was used to determine if the classification of sites as agricultural, urban, large tributaries,
and polluted sites produced significant differences in BCC structure. Additionally the
pairwise comparison between the four tributary classifications was determined and
significance values between sites were provided accounting for appropriate Bonferroni
corrections. PERMANOVA is generally a more powerful analysis than Mantel tests to
detect changes in community structure (Anderson, 2015), while Mantel test is a more
conservative method, as its null hypothesis is more general than the PERMANOVA. By
using both methods, I am confident if they show similar results a strong argument can be
made that the communities are indeed being driven by either environmental or spatial
parameters, and specific clusters are significantly different.
Results:

After microbial sequencing, samples that consisted of fewer than 2,000 sequences
were removed from the analysis as a form of quality assurance (because such low
sequence counts could misrepresent the community structure of the bacterial community
measured in those samples). A total of 134 environmental samples were retained for
microbial community analyses.
The Shannon H index scores ranged from 2.13 to 3.36, with a mean value of 2.77
± 0.0300, while the Chao 1 index scores ranged from 37 to 314, with a mean of 143 ±
5.13. MANOVAs were performed to test for the Shannon H or Chao 1 diversity indices
as functions of latitude, longitude, total phosphorus, total nitrogen and PCA scores
generated for water quality parameters (PCWC) and metals (PCM) (Table 2.4). The PCA
summary, percent variation of data summarized and loadings for both environmental

23

PCAs can be found in Appendix A. For the Shannon Index the first principal component
representing water quality parameters (PCWC 1) was found to be significant along with
total nitrogen and PCM 4 (which was not loaded highly with any specific metal). The
PCWC 1 axis was strongly positively associated with water pH and dissolved oxygen
concentration. For the Chao 1 index the same first principal component (PCW1)
representing high water pH and dissolved oxygen, total phosphorus levels, and longitude
were found to be significantly correlated with the diversity index.
The results of the Mantel test found in Table 2.2 were used to determine whether
spatial distance or environmental characteristics were more important for aquatic
bacterial community composition. Both spatial and environmental features were found to
be significant, but the environmental measures were more strongly correlated with the
community composition structure than spatial distance alone. To examine the effects of
both environment and spatial distance on the BCC, two partial Mantel tests were run, one
controlling for spatial distance, and the other controlling for environmental factors. The
results can be found in Table 2.3, and show that when spatial distance is controlled for,
environmental factors are still significant and continue to have a similar correlation to
BCC amongst sites. Alternatively, when environmental distance is controlled for, the
spatial distance is no longer significant.
The CCA plot grouped all of the sites based on bacterial community composition
and then placed them on axes created from the PCA scores of all environmental measures
collected at each of the sites. The first two axis representing 31.11% and 22.7% of the
BCC variation, respectively are presented in Figure 2.2, while axis two and three
(14.47%) are presented in Figure 2.3. The CCA plot showed four clusters of sites; red,
24

blue, black and green. In terms of environmental correspondence, the Little River site
(red) was more associated with total nitrogen levels. The “blue” sites corresponded with
high pH and dissolved oxygen. The sites in green generally grouped together but did not
have a strong isolated predictor environmental influence from the measures examined in
this study, but samples did load on the opposite axis as blue sites indicating that their
structure is most correlated with lower pH and dissolved oxygen levels. It should be
noted that inland samples from two tributaries, Big Creek and Otter Creek (black)
showed microbial communities that deviated considerably from all others. These sites
also corresponded with higher heavy metal levels and nutrient loading than other sites. A
partial Mantel test was performed for these two tributaries alone to determine if the
increased heavy metals presence leads to an increased environmental effect in these sites
Table 2.5. This test revealed that the environmental effects (while controlling for spatial
distance) had a much greater correlation with BCC than did all sites together (R2
(polluted) =0.3692; P < 0.05 vs R2 (total) = 0.1548; P < 0.05).
The results of the PERMANOVA between the three tributary BCC clusters to
determine if there was a significant difference between the clusters of environmental
BCC identified in the CCA are presented in Table 2.6. The PERMANOVA shows that
the tributary grouping based on CCA clusters did produce a significant difference among
samples divided into the four classifications (agricultural, urban, large tributary, and
polluted watersheds) (P < 0.05). Additionally the pairwise comparisons of tributary types
revealed that there was a significant difference between BCC structures between all
combinations of tributary groupings Table 2.7.
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Discussion:

This study characterized microbial community composition patterns in a
collection of tributaries on a geographic scale that has rarely been examined before.
Furthermore, to my knowledge, this study is the first application of Massively Parallel
(Next-Generation) sequencing to address aquatic microbial community structure applied
over such a large scale (18 tributaries sampled at 2-3 spatially distinct locations in
triplicate). In conjunction with microbial community characterization, 32 environmental
variables were used to characterize the sampling locations allowing associations between
environmental variables and microbial community diversity and composition to be
quantified. Lastly, the study allowed a powerful comparison between spatial distance and
environmental characteristics as drivers of microbial community composition to test the
Baas-Becking hypothesis.
The analysis of factors affecting microbial community biodiversity included both
Shannon and Chao 1 indices and was designed to explore diversity variation over a
variety of aquatic environments. The Shannon index provides a measure that takes into
account the evenness of the taxonomic data recovered, whereas the Chao 1 index better
describes taxonomic richness. My findings demonstrated that the Shannon’s index was
significantly correlated with pH and dissolved oxygen. More specifically when both pH
and dissolved oxygen were higher among sites, the evenness was also found to be higher.
This indicates that high pH and oxygen may reflect a more stable aquatic environment for
bacteria. The finding that total phosphorus, pH & dissolved oxygen (both loaded very
highly on the significant first component representing tributary characteristics: PCWC 1)
and longitude were all significantly correlated with species richness (represented by the
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Chao 1 index) agrees with previous research. Phosphorus has widely been considered the
primary limiting nutrient in freshwater systems (Correll, 1999), and nutrient loading has
been found to affect the growth response of microbial communities more in pelagic
freshwater communities than either marine and benthic communities (Elser et al., 2007).
The sensitivity of microbial diversity to nutrients has been previously demonstrated with
experimentally elevated nutrient levels resulting in increased species richness (Sridhar &
Barlocher, 2000; Olapade & Leff, 2005; Artigas et al., 2008; Van Horn et al., 2011).
Though pH has been found to be a strong driver for diversity in soil microbial
communities (Sinsabaugh et al., 2008; Lauber et al., 2009; Rousk et al., 2010), few
studies have examined the effect of pH on microbial diversity in more lotic environments
(Zeglin, 2015; Fierer et al., 2007). Previous studies have shown that if pH is high, the
toxic effects of metals are reduced, which may explain the increase in both evenness and
diversity being correlated with high pH (Ross & Mills, 1989). The sampled sites with
high dissolved oxygen may provide an environment for aerobic species to thrive. This is
in contrast to the sites with more hypoxic habitats, which would result in an increased
proportion of facultative aerobes, and hence a more specialized community profile.
Though spatial position (longitude) was not significantly correlated with any
environmental measure in this study, past studies examining drivers of microbial
diversity in freshwater streams have frequently found longitude to be significantly
correlated with diversity. Of 70 studies that examined the diversity of microbial
communities in relation to temporal factors, longitude was found to be significantly
correlated in 83% of the studies (Zeglin, 2015). Additionally it should be noted that my
samples were collected over the span of three to four weeks , thus some of the
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longitudinal variation may have been lost due to the effect of seasonal change (during
sample collection), which was also found to be significant in 93% of studies that
examined temporal effects on microbial diversity (Zeglin, 2015).
Two environmental parameters that are widely reported to have a significant
effect on the diversity of microbial communities were not found to be significant in this
study. Both water temperature and metal contamination have been identified as having a
significant effect on microbial diversity in 91% and 100% respectively of the 70 papers
on microbial diversity in streams reported in Zeglin (2015). This may have to do with the
fact that my sampling areas did not contain many sites with highly elevated levels of
metal contaminants, as sites were not selected near known point sources of pollutants.
Additionally, the majority of studies that focus on metal contaminants examine sites that
are known to have very high loadings of metal contaminants, so the reported effects of
metals on microbial diversity may be biased due to the selection of sites in highly
polluted sites. My findings related to the effect of metals on microbial diversity does not
support the hypothesis that higher levels of metals would correlate with lower levels of
diversity but this may be due to a lack of variation in the level of metal contamination
across sampling locations.
While there is a rich literature on the environmental factors that affect microbial
community diversity, relatively few studies include community structure, primarily due
to the difficulty of assessing microbial community composition prior to the advent of
NGS. In this study I was able to characterize community composition to test the
hypothesis that microbial community structure would be consistent based on
environmental characteristics, regardless of the connectivity or spatial proximity of sites.
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In other words, sites with similar environmental features would have microbial
communities that were similar, regardless of the geographic distribution of these sites.
The results of the canonical correspondence analysis (CCA) demonstrated that bacterial
community composition is associated with specific environmental factors or “tributary
types”. The bacterial communities in this study were clustered into four broad groups in
the CCA, and those sites can be characterized as being from rural/agricultural watersheds,
from urban watersheds, large tributaries and from polluted sites. The determination of
tributary size was determined by examining stream width at study sites within sample
tributaries (Supplementary A.7). The majority of sites in the blue cluster were larger
tributaries with an average tributary length greater than 50 meters. Large tributaries were
mostly driven by the first water characteristic principle component, which was primarily
loaded by high pH and high dissolved oxygen levels (in agreement with the diversity
results). Previous studies in non-aquatic (Pennanen et al., 1998; Baath & Anderson, 2003;
Kennedy et al., 2004; Fierer & Jackson, 2006) and aquatic environments (Methe & Zehr,
1999; Hornstrom, 2002; Lindstrom et al., 2005; Yannarell & Triplett, 2005) have shown
a strong link between pH and BCC structure. Specific community structures have been
correlated with higher pH levels, as was found in the larger tributaries (Lindstrom &
Leskinen, 2002). Recent studies applying NGS have also reported pH being strongly
correlated with bacterial community structure (Heino et al., 2014; Zhang et al., 2014).
Dissolved oxygen has also been found to be a strong influence on bacterial community
structure (Wang et al., 2012), and I propose that since high dissolved oxygen is a
characteristic of larger tributaries (due to higher flow and mixing regimes); it is a driver
of community structure in the larger tributaries.
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Many sites from the two urban watersheds (Little River & Turkey Creek) showed
similar environmental profiles. These sites were primarily characterized by high levels of
total nitrogen. High levels of nitrogen run-off are characteristic of urban watersheds
(Carpenter et al., 1998) and nutrient effects have been shown to change bacterial
community composition (Heino et al., 2014). It should also be noted that one of the two
urban tributaries, Little River, has a water treatment plant discharging into it. The sites
closest to the water treatment plant show the most unique BCC profile (also most
strongly driven by total nitrogen), and sites further upstream generally showed a gradual
transition to “cleaner” profiles similar to that seen in large tributaries. Previous research
has shown that water treatment plants can result in higher levels of nutrients (Carpenter et
al., 1998), particularly total nitrogen due to the increased amount ammonia that is
released into the water body as a form of waste from the treatment plant and other urban
pollutants (Gray & Becker, 2002), and I believe that this is a driver of BCC in these
clustered sites.
The agricultural sites showed a greater degree of variation (i.e., cluster spread in
the CCA) than the urban or large tributary sites, but generally the majority of the
agricultural sites grouped together. These sites were not strongly influenced by any
specific parameter, but the majority of the sites did group on the opposite axis to the large
tributaries indicating that these sites were characterized by lower pH and lower dissolved
oxygen (Figure 2.2 & 2.3). Both acidity and intermittent hypoxia can be observed in
sites that have an extended history of eutrophication (Hagy et al., 2004; Cai et al., 2011).
This would explain the relative similarity amongst sites, even though no unique
environmental measure (observed in this study) was found to be the driver. I did expect to
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see high levels of total nitrogen and phosphorus in these waterbodies, and though that
was not observed, perhaps nutrient loading had an influence on the environment in the
past. My sampling occurred in the Fall, which is after major nutrient release events
associated with spring thaw and following the harvest season for the majority of crops,
possibly explaining the lack of a measured increase in nutrient loading. Also, it has been
previously shown that nitrogen and phosphorus settles to the sediment where it collects
and can have long term hypoxic effects (Hagy et al., 2004; Cai et al., 2011; Carpenter et
al., 1998). For this reason, historic high nutrient loading may still be a significant driver
in my agricultural sites. Additional sampling of the sediment at these rural sites should be
performed to confirm this.
This study supports the Baas-Becking hypothesis in relation to BCC, i.e. all
microbes are everywhere, but the environment selects. Although both spatial and
environmental effects have been previously reported in both marine and freshwater
environments, in most cases the environmental effects proved to be stronger than
geographic distance (Astorga et al., 2012; Zhang et al., 2014; Heino et al., 2014). My
finding agrees with the hypothesis that the environment determines the community
structure regardless of geographic isolation. It should be noted that though this study
covered a large geographic distance, all of the tributary samples represent one major
watershed, the Huron-Erie corridor.
Though the strength of correlation between environmental factors and BCC is
relatively small (~16% variation), it is not surprising considering the resolution to which
the communities were analyzed (genus level) and how many sites were analyzed. Similar
levels of correlation between spatial and environmental factors have been previously
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reported (Arroyo et al., 2015; Reagan et al., 2014; Liu et al., 2013). For example Arroyo
et al. (2015) studied microbial communities in four wetlands in Spain and compared the
community structure with 11 environmental parameters, and found a significant
correlation explaining between 23% and 25% of the observed variation for 4 of the
environmental parameters using Mantel tests. Regan et al (2014) found between 9% and
10% of the variance explained for correlations between spatial effects and microbial
community and between 12% and 35% for environmental parameters and microbial
community in soil samples from German grasslands using Mantel tests. Liu et al. (2013)
found through a redundancy analysis (RDA) examining the environmental and spatial
correlation with microbial community in a subtropical river in China that the environment
explained 11% of the variation in microbial communities and spatial factors explained
6.5% of variation. Since a significant correlation was found between environmental
measures and BCC, this finding also supported the additional analysis to determine which
environmental factors showed the strongest relationship with the diversity and
composition of these communities.
Many past studies have found that metals are strong drivers of BCC, but they
were not found to be a primary driving factor in this study. I believe that this is because
the sites examined did not have a great deal of heavy metal contamination. However, the
sites that did exhibit higher levels of heavy metals showed a markedly distinct profile in
their BCC, mirroring my findings in diversity scores. It is clear that the upstream sites in
two of the streams had a higher influence of metal pollution than the downstream sites,
and they showed a profile that was very different than all others. I believe that this
signifies how the heavy metal pollution is more evident upstream due to a point source of
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pollution. Alternatively the “cleaner” sites closer to where that tributary joined larger
tributaries likely resulted from a dilution of the metal contaminants, resulting in a
community structure that is more comparable to the others in this study. Though many
study sites did not have high concentrations of metal contaminants, the few that did
exhibited a highly divergent BCC, consistent with previous studies (Zeglin, 2015; Gillan
et al., 2005; Giller et al., 1998). The results of the partial Mantel test on the two
tributaries found to have higher levels of heavy metals (Big Creek, Otter Creek) showed a
much higher correlation with environmental factors (while controlling for spatial
distance) than the partial Mantel test for the entire data set (R2 (polluted) =0.3692; P <
0.05 vs R2 (total) = 0.1548; P < 0.05). This finding suggests that in environments that are
highly polluted with heavy metals, the environment plays a greater role in determining
community structure. Also, it should be noted that urban waterbodies corresponded more
strongly with higher heavy metal profiles than both rural and larger tributaries.
In conclusion, this study demonstrates that consistent patterns can be observed in
bacterial community structure and diversity across multiple tributaries within a single
watershed. Most importantly, this study provides support for the Baas-Becking
hypothesis, that is, environmental factors, as opposed to spatial distance, explains
microbial community structure better, at least within a single watershed sampling unit. I
observed that large tributaries, agricultural tributaries, urban tributaries, and polluted
tributaries showed distinct structure in their bacterial communities. Likewise I found
correlations between environmental factors and environmental BCC at those sites that are
similar to those previously reported in studies examining environmental factors driving
changes microbial community structure. This study encourages more investigations
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applying NGS to microbial communities from various environments to examine if similar
patterns are shown in different ecosystems. Here it is proposed that spatial distance
metrics may become more important with increasing separation of tributary linkage
implicit in an inter-watershed sampling design. Given the importance of bacterial
community contribution to overall biomass, nutrient cycling, metal release and carbon
flow it is perhaps not surprising that strong patterns in bacterial community structure
were evident at the watershed level. These results support the use of microbial organisms
and communities as indicators of ecological change and response to multiple stressor
effects, thus additional work to identify and characterize bio-indicators at the genus level
or to generate bacterial community quality indexes would be of high value.
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Chapter 2: Figures
Figure 2.1: Site Map
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Site Description
Agricultural/Polluted
Large Tributary
Agricultural
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Agricultural
Large Tributary
Agricultural
Agricultural
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Agricultural
Agricultural
Agricultural
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Agricultural/Polluted
Agricultural

Figure 2.2: CCA of Environmental BCC Samples (Axis 1 & 2)

36

Figure 2.3: CCA of Environmental BCC Samples (Axis 2 & 3)
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Chapter 2: Tables
Table 2.1: Environmental Measures
Water Quality Parameters
- pH
- Temperature
- Dissolved oxygen
- Specific
conductance
- Oxidationreduction potential

Nutrients
- Total nitrogen
- Total phosphorus
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Metals
-

Aluminum
Arsenic
Boron
Barium
Beryllium
Bismuth
Calcium
Cadmium
Cobalt
Chromium
Copper
Iron
Potassium
Magnesium
Manganese
Molybdenum
Sodium
Nickel
Lead
Antimony
Silicon
Strontium
Titanium
Vanadium
Zinc

Spatial Attributes
- Latitude
- Longitude

Table 2.2: Mantel Test Results
Bacterial Community Composition vs Environment
9999
Permutation N:
0.1825
Correlation R:
0.0004*
p (uncorr; onetailed):
Bacterial Community Composition vs Spatial Distance
Permutation N:
9999
Correlation R:
0.0949
p (uncorr; onetailed):
0.0008*
*significant result (P < 0.05)
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Table 2.3: Partial Mantel Test Results
BCC Total vs Environment (Controlling for Spatial
Distance)
Permutation N:
9999
Partial correlation R:
0.1619
p (uncorr; onetailed):
0.0012*
BCC vs Spatial Distance (Controlling for Environment)
Permutation N:
9999
Partial correlation R:
0.04122
p (uncorr; onetailed):
0.0651
*significant result (P < 0.05)
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Table 2.4: MANOVA Results
Regression coefficients and statistics
Coeff.
Std.err. t
p
R2
Shannon_H Constant
-21.331
34.524 -0.61786
0.53781
Total
Phosphorus
-0.09953
0.61902 -0.16078
0.87253 0.014367
Total Nitrogen
-0.06444 0.030597
-2.1061 0.037227 0.001762
PCWC 1
0.16193 0.040412
4.0069 0.000106
0.1512
PCWC 2
0.04046 0.053086
0.76216
0.44742 0.002632
PCM 1
0.023325 0.031832
0.73274
0.46511 0.059274
PCM 2
0.040651 0.033723
1.2054
0.23035 0.002306
PCM 3
0.060104 0.034982
1.7181 0.088291 0.039749
PCM 4
-0.19467 0.065657
-2.965 0.003637 0.037421
Latitude
0.27437
0.43689
0.62802
0.53116 0.000375
Longitude
-0.16123
0.23723 -0.67964
0.49801 0.009374
Chao-1
Constant
-7897.1
3491.5
-2.2618 0.025465
Total
Phosphorus
149.48
62.604
2.3877 0.018475
0.00509
Total Nitrogen
-0.49893
3.0944 -0.16124
0.87217 0.005572
PCWC 1
16.681
4.087
4.0815 7.99E-05
0.14312
PCWC 2
4.6468
5.3688
0.86553
0.38843 0.000737
PCM 1
-5.8672
3.2193
-1.8225 0.070806 0.052125
PCM 2
1.4809
3.4105
0.4342
0.6649 0.012401
PCM 3
-6.6363
3.5379
-1.8758 0.063054
0.00066
PCM 4
7.0882
6.6401
1.0675
0.28784
0.00477
Latitude
62.176
44.184
1.4072
0.16189 0.030692
Longitude
-64.828
23.992
-2.7021 0.007865 0.057627
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Table 2.5: Partial Mantel Tests of Heavy Metal Polluted Sites (Otter Creek & Big Creek)
Otter Creek & Big Creek BCC vs Environment
(Controlling for Spatial Distance)
9999
Permutation N:
0.3416
Partial correlation R:
0.0003*
p (uncorr; onetailed):
*significant result (P < 0.05)
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Table 2.6: PERMANOVA Results for Tributary Classification (Agricultural, Urban,
Large tributary, Polluted)

PERMANOVA
Permutation N:
Total sum of squares:
Within-group sum of squares:
F:
p (same):

9999
33.54
29.46
6.003
0.0001*
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Table 2.7: Pairwise Results of PERMANOVA (Bonferroni corrected p values)

Polluted
Agriculture
Large
Tributary
Urban

Large
Polluted Agriculture Tributary
0.0006*
0.0006*
0.0006*
0.0006*
0.0006*
0.0006*
0.0006*

0.0006*

0.0048*
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Urban
0.0006*
0.0006*
0.0048*
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CHAPTER 3
The effects of environmental factors and environmental microbial communities on
fish gut microbiomes
Introduction:

The microbial communities that inhabit the bodies of other organisms are referred
to as their “microbiomes”, a concept which has spurred a growing area of microbial
research. Plants and animals often serve as hosts for microbes that can comprise more
cells than those of the host (Douglas, 1994; Rosenberg et al. 2007). The gastrointestinal
(GI) tracts of host animals are home to a diverse ecosystem of microbial organisms
(Walter et al., 2011). A host utilizes their gut microbiomes to provide bodily functions
that the organism cannot perform by itself (O’Hara and Shanahan 2006; Backhed et al.,
2007). The microbial species in the gut share symbiotic relationships with their hosts and
provide functions such as nitrogen cycling (Douglas 1998; Sabree et al. 2009),
controlling the storage of fat (Backhed et al. 2004), and digesting complex carbohydrates
(Turnbaugh et al. 2006). Research suggests that the gut microbiome additionally
functions to augment host immunity, in metabolism, and provide better health in their
hosts (Stevens and Hume 1998; Nicholson et al. 2005; Velagapudi et al., 2010; Backhed,
2011). Indeed, the GI microbial community has been shown to help with the defense
against pathogens, multiplying enterocytes, and the production of vitamins (Ley et al.,
2008; Flint et al., 2008; Sugita et al., 1991). Conversely, it has also been shown that
environmental factors such as diet, stress, and exposure to antibiotics can cause
detrimental shifts in the gut microbiome structure, and these shifts have been linked to
various diseases (Sandrini et al., 2015; Alonso & Guarner, 2013). The microbiomes of
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hosts can also influence their development and growth, and phenotypic plasticity (Wisz et
al., 2013). Microbiome research has grown dramatically in recent years through the use
of animal models and novel molecular genetic technologies that have given a better
understanding of the complex interactions between the microbiome, host and the
environment.
The majority of microbiome research has focused on mammalian models,
particularly humans and mice, with little research being done on fish microbiomes,
though this area is growing (Llewellyn et al., 2014). In mammals, current research
indicates that the microbiome is developed from successive environmental exposures,
and is established as a “core-microbiome” early in development (Kaiko & Stappenbeck,
2014). It is believed that the core-microbiome is derived from close contact with the
parent and microbial transfer through physical contact and breast milk (Kostic et al.,
2013). Mammals and fish share genes that are regulated by their microbiomes and show
similar gene expression profiles for those genes (Rawls et al. 2004) and core
microbiomes have been reported in fish species, including zebrafish among others (Li et
al, 2014; Roeselers et al., 2011). However, many fishes show little or no parental care
(and hence opportunity for maternal microbiome transfers). Curiously, fish eggs have
been found to demonstrate decreasing levels of microbial diversity in their microbiomes
through development. In earlier stages of development the fish egg microbial community
is similar to the environmental microbial community, but in later stages of development,
the embryonic microbiome shifts to a community structure that is different from that of
their environment (Wilkins, 2015). The gut microbial community structure (diversity and
relative abundance of organisms) continues to change as the fish age, for example, it has
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been shown that the number of microbial species and individuals increases dramatically
when larval fish begin to feed (Munro et al., 1993; Munro et al., 1994). This suggests that
the fish begins a selective process of creating a symbiotic community even before they
hatch, but without the benefit of microbial transfer from their parents. Therefore the study
of fish microbiomes from multiple environments is critical as it would shed light on the
source of the gut microbiome community in fish as well as other species.
Although much less research has focused on fish microbiomes, previous work has
shown that a variety of external and internal factors affect the fish microbiome. Early life
habitat, environmental factors such as temperature and water quality, and diet have been
shown to affect the microbial diversity, abundance, and community structure of fish GI
tracts (Nayak, 2010). Other factors such as host species behavior, genetics and specific
gut environments also play a role in determining the gut microbiome of fish species
(Zoetendal et al., 2001; Rawls et al., 2006; Ley et al., 2008; Li et al., 2012; Yan et al.
2012 ). A statistical analysis of 25 fish gut microbiome libraries showed that fish gut
bacteria do not appear to be directly influenced by the environmental microbial
community (they do not have the same profiles as the environment) (Sullam, 2012). This
indicates that the host fish must mediate their own microbiome. Previous studies have
shown that different fish species living in the same environment show drastically
different gut microbiomes (Li et al., 2014). However, in some species, for example,
rainbow trout, conspecifics have been found to have large variation in gut microbiomes
between individuals living in different environments (Spanggaard et al., 2000). Thus
there are likely both intrinsic (fish specific) and extrinsic (environmental) factors that
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drive microbiome structure; however it is not clear what their relative contribution may
be.
It is known that the environment has a strong influence on the establishment of
microbial communities, including free-living and those within the bodies of eukaryotic
hosts (Fierer & Jackson, 2006). Previous research has shown that the establishment and
development of the fish gut microbiome is influenced by a wide range of chemical
pollutants (Nayak, 2010), and so it is important to examine the variation of microbial
community structure in association with gradients of chemical contaminants.
The application of molecular genetics and biotechnological tools has
revolutionized our ability to understand the community structure of the microbiomes of
organisms (Rastall, 2004). Massively parallel, or “next generation” sequencing is now
used to characterize microbial communities with great resolution and allows precise
quantification of the composition and structure of these communities (Lozupone &
Knight, 2005). The majority of studies that used early DNA-based finger-printing
technology demonstrated that there were differences in microbiome community structure
in different species of fish (Navarrete et al., 2012; Li et al., 2012) but these studies
examined the communities at the phyla level and did not have the resolution to examine
the species and their functions. Though those early studies provided information about
gut microbiomes in fish, they were not powerful enough to test specific hypotheses
concerning environmental effects on microbiome diversity and community composition.
For example it had long been believed that fish gut microbiomes had a lower number of
organisms with a lower diversity than those of mammals (Trust & Sparrow, 1974;
Finegold, et al., 1983; Sakata, 1990). However, recent findings using applications of
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modern culture independent techniques, i.e. molecular genetic technology, have shown
that to be not true (Lin et al., 2014). Next-Generation sequencing has been used
effectively in recent fish gut microbiome studies to increase the resolution of the
microbial community structure in a species with individuals living in different
environments (Roeselers et al., 2011; Wu et al., 2012; Wong et al., 2013). The growing
literature on microbiome analysis using next generation sequencing supports the realistic
objectives and goals of a study that seeks to determine what appears to be driving fish gut
bacterial community composition (BCC) structure in a Great Lakes watershed.
The identification and study of drivers of fish microbiomes is important for the
long term health and management of important fish species. The effects of environmental
parameters and the environmental microbiome with microbial organisms that live in
symbiosis with fish have not been previously researched together in multiple species
from the same watershed. The objective of my proposed research is to test for the effect
of specific environmental factors and the surrounding aquatic bacterial communities on
the composition of microbiome communities associated with the gut fauna of fish. It is
expected that fish of the same species will not be related to the environmental bacterial
community and will show little to no relationship with environmental parameters. It is
also expected that the microbial community structure of each species will be more similar
to conspecifics, regardless of environment, than between individuals of both species
living in the same environment. Overall, this study seeks to answer the important
question of whether environmental stressors, habitat microbial community, or fish
species’ physiology represents the greatest driver of fish gut microbiome composition
variation.
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Materials and Methods:

Study Sites:

Water was sampled in streams, tributaries of various sizes and rivers located in
southwestern Ontario, feeding Lakes Erie and St. Clair, and the Detroit River. The
sampling design and locations were the same as Chapter 2, but briefly 18 tributaries were
sampled at three sites each (with the exception of Sturgeon Creek which was sampled at
2 sites) for a total of 53 sampling sites. The selected water bodies vary in many metrics
including size, flow, and type of environmental stressors, to allow the characterization of
microbial communities in aquatic environments with different hydrological features.
By including such a wide variety of sample sites, greater resolution will be
possible for examining the variation in gut microbiota community structure in two native
fish species, as the sample sites include a diverse set of environmental conditions and
landscapes. The species of minnows collected were emerald shiner (Notropis
atherinoides) and spottail shiner (Notropis hudsonius) as these are some of the most
commonly found minnow species amongst the study sites (Brazner, 1997). Cyprinid
minnows provide an excellent study subject for this project as they are found in a variety
of different environments and they inhabit most or all of the study sites for this project,
and serve as the base of the food-web in the ecosystems they live in. Additionally these
species have a simple gut that is essentially one long tube allowing for uniform sampling
of the entire GI tract. By sampling the entire GI tract, we sample the gut lumen (which
holds more recent residents) along with the mucosal surfaces (long term colonists) (Smith

56

et al., 2015). This method provides a more comprehensive sampling of all bacteria
associated with the gut of these species.
Sampling Procedure:

All sampling was done in fall 2014 (October to November). Data for water quality
measures, nutrient levels, metal contaminant levels, and environmental microbial
communities were obtained in the method described in the previous chapter (Sanghera, et
al. 2015 (unpublished)), Briefly, temperature, specific conductance, dissolved oxygen,
pH, and oxidation-reduction potential data was collected at each site to characterize the
aquatic environment. Nutrient analysis on surface water samples was performed to collect
total nitrogen and total phosphorus levels. Heavy metal contaminants were measured
from surface water samples at each site. Lastly, environmental microbial communities
were characterized using Massively Parallel (Next-Generation) Sequencing. All samples
for environmental measures were collected on the same day as fish samples, and were
collected prior to fish capture to avoid biasing the environmental measures by sediment
disturbances caused by fishing.
Fish Gut Microbial Analysis:

A total of 255 fish samples were collected for this study, 143 emerald shiners and
112 spottail shiners. Fish were collected with a seine net after the samples were collected
to characterize the environment and environmental BCC at each site (Chapter 2). Once
the fish were caught, they were euthanized using an overdose of MS222 and had their
body cavities cut open to expose their organs. The fish were then stored in RNAlaterTM
for sample preservation. The samples were stored at 4oC for 48 hours to let the salts
57

penetrate the fish tissue, and then stored at -20oC until DNA extraction. Approximately
0.2-0.4 grams of gut contentwas removed from fish and used for DNA extractions using a
modified protocol presented in Chaganti et al., (2012), as described in Chapter 1. Briefly
this method was a PCI (phenol choloroform isoamyl-alchohol) protocol that used
homogenization to break down cells from the samples collected, before the extraction
process. Bacteria are the primary component of the fish gut microbiome (Nayak, 2010),
and therefore they were the focus of the microbiome analysis component of this study.
The remainder of the sequencing library preparation was identical to the protocol
described in Chapter 2. In summary, the 16S rRNA gene was amplified and barcoded to
create a sequencing library. The barcoded PCR amplicons were pooled, visualized on an
agarose gel, excised, and appropriately diluted for sequencing. Sequencing was
performed in the same method as described in Chapter 2 along with the same protocols
and filtering for low quality sequences. Resulting filtered sequencing data was uploaded
to the Metagenome Rapid Annotation using Subsystem Technology (MG-RAST) server
(http://metagenomics.nmpdr.org/), for taxonomic identification as described in Meyer et
al., (2008). A cluster analysis was used to determine operational taxonomic units (OTUs)
by clustering similar sequences based on a 97% similarity threshold and taxonomy was
assigned using the Ribosomal Database Project (RDP). Only taxonomic counts for
organisms identified at the genus level were used for further analysis.
Data Analysis:

All analyses for this study were performed using the PAST program (Hammer et
al., 2001).
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I examined the fish gut microbiome by analyzing both the diversity and the
composition structure of bacterial communities. The diversity of microbiomes was
characterized using both the Shannon’s Index and Chao 1 Index scores, while the
composition was examined using comparisons of pairwise distance matrices and
PERMANOVA analyses.
Spatial vs Environment Parameters vs Environmental BCC correlations with Fish gut
Microbiomes:
As described in Chapter 2, a multivariate Mantel correlation analysis was used
among a set of distance matrices (Frank & Mills, 2009). Briefly, 4 distance matrices were
constructed for each species of fish; 1) spatial distance between pairs of sampling points
2) distance in environmental measures between sites, 3) distance in phylogenetic profiles
of environmental bacterial genera between sites, and 4) distance in phylogenetic profiles
of microbiome bacterial genera between fish. The spatial distance matrix was created
using the geographic distance similarity index in the PAST program, the environmental
parameters were clustered and simplified to the PCA axes scores and used to construct
the environmental matrix using a Euclidean similarity index, and both phylogenetic
matrices were generated using the Bray Curtis similarity index. Mantel analyses were
performed using the microbiome BCC matrix and the spatial matrix, environmental
parameter matrix, and environmental BCC, independently. Combinations of matrices
were used to generate multivariate-Mantel statistics using the default setting of 9999
permutations in PAST.
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Relationships between significant correlations were further explored using partial
Mantel tests as described in Chapter 2, to identify the independent drivers of correlations
between matrices. Both Mantel and partial Mantel tests were done with emerald shiner
and spottail shiner data sets independently.
Environmental effects on fish gut microbiome diversity:
The same format as described in Chapter 2 was used to examine the relationship
between environmental effects with the diversity of bacterial genera on fish gut
microbiomes of both species. The same PCA cluster analyses were used to simplify
environmental measures (water quality and metals; individual) using environmental data
only from the sites at which the fish were collected. Additionally the environmental BCC
was simplified using the first 3 axes of a Principle Coordinate Analysis (PCoA) generated
using the Bray Curtis similarity Index. The fish gut bacterial diversity (dependent) was
tested for correlations with all 14 independent measures using a MANOVA to quantify
the relative correlation of each environmental measure to variation in the bacterial
diversity. This analysis was performed for each species individually.
Determining patterns in BCC and identifying potential environmental drivers:
To determine what was driving the variation in gut microbiomes amongst
individuals from each species, a set of PERMANOVA analyses were performed to
determine if there were significant differences among microbiomes from different
groupings of fish. Fish of each species were grouped based on the tributary they were
captured from, fish length, and environmental BCC tributary type – as defined in Chapter
2 (agricultural, urban, large tributary profiles). If a significant difference is found
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between groups of fish from different tributaries it suggests that the driver of variation is
specific to that waterbody, but wasn’t measured in the environmental parameters (for
example, food type in that environment, or genotypic relationship, etc.). If a significant
difference is found between the different sizes of the fish it suggests the life stage of a
fish drives the changes in gut microbiome. This indicates that physiological or life history
changes in the fish are driving the changes in gut microbiome. Finally if fish from a
habitat type (urban, agricultural, large tributary) are found to have a significant difference
it indicates that environmental parameters or the environmental bacterial community are
driving the variation because Chapter 2 demonstrated that watersheds with similar
environmental profiles show similar environmental BCC. If any of these groupings were
found to describe a significant difference between the gut BCC amongst conspecifics,
additional two-way PERMANOVAs were performed between all combinations of
significant groupings to determine if there was a significant interaction between them.
Examining the relationship of multiple fish species:
To examine if there is a difference or similarity between the fish gut BCC
between the two different species, a subset of fish from each studied species were
selected. Sites were selected where both fish species were caught, and had at least 3
individuals of each species for which fish gut BCC profiles were obtained. A subset of 31
conspecifics for each species were selected from 8 different study sites (Table 3.13) and
used in a set of PERMANOVA analyses compare between various groupings of the two
species. PERMANOVAs were performed to determine if the relationship between gut
microbiomes of all fish, regardless of species, from different tributaries, environmental
BCC tributary groupings, or size groups showed a significant difference. This would
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determine if each species had a specifically conserved gut BCC structure that was not
influenced by external factors.
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Results:

Samples that produced less than 2,000 sequence reads were removed from further
data analysis, along with all fish that were caught using baited traps. A total of 188
samples, 108 emerald shiner and 81 spottail shiner fish gut samples, were retained for
further analysis. As the 97% similarity threshold was used to create OTUs; the bacterial
species were identified at the genus level using an 80% sequence match (Hildebrand et
al., 2014) and this data was used to construct the fish gut bacterial community
composition (BCC) structure for each species.
Individual Fish Species:

Diversity Indices
For emerald shiners the Shannon H index scores ranged from 0.61 to 4.40, with a
mean value of 2.83 ± 0.086, while the Chao 1 scores ranged from 20 to 193, with a mean
value of 95.5 ± 3.41. For spottail shiners the Shannon H index scores ranged from 0.21 to
4.21, with a mean value of 3.05 ± 0.098, while the Chao 1 scores ranged from 17 to 225,
with a mean value of 106.1 ± 4.47. MANOVAs were performed to explain Shannon H or
Chao 1 index as a function of; total phosphorus, total nitrogen, PCA scores generated for
water quality parameters, PCA scores for metals, PCoA scores for environmental BCC,
and fish length. The environmental scores were generated for each species separately
based on the sites in which they were captured. The percent explained and loadings for
each of these parameters (metals, water quality parameters, and environmental BCC
separately) are found in Appendix B.
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MANOVA
The MANOVAs revealed significant relationships between diversity indices and
some of the variables described below (Table 3.1). In emerald shiner, the Shannon H
index showed a significant negative correlation with the length of the fish. There was no
significant correlation between the Chao 1 index scores and environmental parameters for
emerald shiner. For spottail shiner, no significant correlation was found with any
parameter and the Shannon H index scores, but fish length, latitude and longitude were
found to show significant correlations with Chao 1 index scores (Table 3.2).
Mantel Test
The results of the Mantel tests (Table 3.3) were used to determine whether spatial
distance, environmental parameters, or environmental BCC were most strongly correlated
with fish gut microbiome BCC for both species. For emerald shiner, both environmental
BCC (R2 = 0.148; p = 0.0001) and environmental parameters (R2 = 0.112; p = 0.0032)
were found to be significantly correlated with the gut microbiomes, and the same was
found for spottail shiner (R2 = 0.144, p = 0.0001; R2 = 0.0919, p = 0.0121) . Spatial
distance showed a significant, although weak correlation with fish gut BCC in emerald
shiner (R2 = 0.0582; p = 0.0341), but not in spottail shiner.
Partial Mantel Test
To further explore the relationship between significant parameters with gut BCC
in both species, the correlation of environmental BCC while controlling for
environmental parameters was performed and vice versa, using a partial Mantel test
(Table 3.4). An additional partial Mantel test was used for emerald shiner testing for the
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effect of spatial distance while controlling for environmental BCC. In emerald shiners
the correlation between environmental BCC and fish gut BCC remained significant when
controlling for environmental parameters and spatial distance individually. Neither spatial
distance nor the environmental parameters remained significant when the environmental
BCC was controlled for in the partial Mantel tests for the emerald shiner. Similarly, only
the environmental BCC remained significantly correlated with fish gut BCC in spottail
shiner partial Mantel tests (Table 3.5).
PERMANOVA
A PERMANOVA was used for each fish species to determine if conspecifics
from different tributaries, common environmental BCC tributary types (as identified in
Chapter 1), or sizes had significant differences in their gut microbiomes. For the emerald
shiner, fish gut BCC from different tributary, different environmental BCC tributary
grouping, and fish of different lengths were found to be significantly different (Table
3.6). Additionally, by examining the pairwise comparison between sizes, fish in the
largest and smallest quartile were significantly different (Table 3.7). No significant
interaction effects were found between any combination of the tributary, environmental
BCC tributary type, and fish size (Tables 3.8 – 3.10) as a result of the follow up two-way
PERMANOVA tests.
For spottail shiner, fish from different tributaries and environmental BCC
tributary groupings were found to show significantly different fish gut BCC structures
(Table 3.11), though fish size showed no significant effect. The two-way
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PERMANOVA determined that there was no significant interaction between tributary
and tributary grouping effects (Table 3.12)
Combined Fish Species:

PERMANOVA:
The subset of data using only sites that had conspecifics of both species present
revealed that species effect, tributary, and environmental BCC tributary groups had all
produced significantly different fish gut BCC profiles amongst the two species. Fish size
was not found to play a significant effect between the combined data set of species
(Table 3.14). The two way PERMANOVA revealed that there was again no significant
interaction between any of the testing groups (Tables 3.15-3.17).
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Discussion:

The objective of this study was to determine whether fish species, size, tributary,
environmental BCC, or specific environmental parameters could play a role in shaping
fish gut BCC. It had been previously shown, in Chapter 2 that certain environmental
parameters were correlated to specific environmental BCC and waterbodies with similar
environmental profiles showed similar environmental BCC and those with different
environmental drivers showed significantly different environmental BCC (Sanghera et
al., 2015 (unpublished)). This chapter was designed to determine if similar patterns
would be observed within the GI tracts of fish sharing those same environments, and
ultimately, to help understand if there were any observable patterns in the way the
microbiome varied across environments. Additionally, by including two species found at
the same sites it was possible to examine if there was any observable relationship
between the drivers of gut microbiomes in both species, or if the microbiome community
structure was inherently conserved within each species.
As predicted the diversity of fish gut microbial communities was lower than that
of the environment, suggesting that the fish gut is a specialized biome that selects a
subset of microbial species that serve a function for the fish. As compared with the
environmental microbial community, the diversity of fish gut BCC appears to be more
controlled by the physiology of the fish rather than the direct influence of the external
environments as was seen in the tributary BCC (Chapter 2). The same parameters that
showed a correlation with diversity in tributary BCC had no effects in fish gut
biodiversity suggesting that the anatomy of the fish gut keeps the microbial community
isolated from the external environment.
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The results of MANOVA also suggest that as both emerald shiner and spottail
shiner grow longer, they decrease in the diversity of their gut bacterial communities. A
similar pattern of reduction in microbiome diversity as fish matures has previously been
observed in fish eggs (Wilkins et al., 2014), where over time the fish eggs show a
diversity in microbiome that is comparable to the environment, but one that becomes less
diverse and by extension more specialized to serve as a microbiome for its host. Also this
may be reflective of the changing diet as fish get larger, where certain diets of younger,
shorter fish may foster a more diverse gut microbiome, while as they get older their diet
might become more specialized and therefore result in a less diverse gut microbiome
(Luczkovich & Stellwag et al., 1993). It may also be possible that as the fish develops
and grows larger, its immune system improves and helps control the diversity of bacteria,
so a reduced more specialized community exists in a more powerful symbiotic
connection, as has been previously suggested (Hansen & Olafsen, 1999).
The results of the microbiome BCC provided an additional layer of analysis to
understand the community structure of the microbiome of the studied species than did the
diversity. The findings of the Mantel test for BCC suggested surprising results that
contrasted with my predictions. I predicted that external factors would not be the driving
factors for the composition of fish gut bacterial communities among conspecifics, and if
there were, they would be environmental parameters as opposed to the microbial
communities found in the same habitats. The results of the Mantel and partial Mantel
tests suggest that fish passively allow bacteria from their external environment into their
GI tracts, while the environment parameters measured, or spatial distance do not have a
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significant correlation with the fish gut bacterial microbiome. This finding is in
disagreement with Li et al. (2014), who suggested that water bacterial community did not
affect the intestinal microbiomes in three carp species. This could be because their study
had a small sample size of nine individuals (3 individuals for 3 species), and they only
examined one study site/environment. The level of correlation between environmental
BCC and fish gut BCC reported here is also in contrast to a recent study done by Smith,
et al. (2015) which reported no significant site-specific correlation between
environmental and gut bacteria in three spine sticklebacks (Gasterosteus aculeatus).
Smith, et al. (2015) did find that there was a relationship between environmental
microbiome and fish gut microbiomes across all data collected, and not a tributary
specific effect as was found in this study. Additionally, it was demonstrated in Chapter 2
that the environmental BCCs were significantly different amongst the different tributaries
that were studied. Therefore, fact that a significant correlation was observed between fish
gut BCC and environmental BCC, across different tributaries using the Mantel tests (a
conservative method of analysis (Anderson & Walsh et al., 2013)) the environmental
microbiome was informing the fish gut microbiome, to some capacity, across different
sites. This correlation suggests that both emerald and spottail shiner have similar
physiological feature to allow for some level of interaction between gut microbiomes and
the environmental microbiome that allow them to better adapt in their local
environments. This finding suggests that these fish species construct a portion of their gut
microbiomes from external communities (Chapter 2).
The Mantel tests demonstrated that the environmental BCC had the greatest
correlation with the fish gut microbiome of the fish species studied, but the
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PERMANOVA analysis provided an insight into identifying factors driving significant
differences in the microbial communities among fish. In both species fish from tributaries
with specific environmental BCC profiles, and fish from different individual tributaries,
showed significantly differently gut BCC. The significant difference between the
different tributary BCC profiles supports the findings of the Mantel test. If the fish gut
BCC is significantly correlated with environmental BCC, it follows that where the
environmental BCC profiles are different (Chapter 2), the fish gut microbiomes will also
be significantly different. The finding that fish from a given tributary also show a
significant difference in their gut BCC suggests that some component of their habitats
within each tributary also plays a role in determining microbiome structure, a result that
has been previously reported (Nayak, 2010). I believe that this suggests that there is a
habitat or environmental feature that differs between tributaries which was not measured
in this study that may be contributing to this variation. Genotype has been previously
suggested as being related to fish gut BCC composition, and fish within a tributary would
be more likely to be more closely related than fish from distant waterbodies (Smith et al.,
2015), so the genetic background of the fish could be playing a role. Additionally,
previous research has suggested that diet is a strong driver for fish gut BCC and different
food items at each tributary could explain the variation within fish species but not in
environmental BCC (Smith et al., 2015). The explanation for the drivers at the tributarylevel of variation in gut microbiome is speculative at this point, and more research must
be done on the physiology of these species along with fish microbiomes in general to
understand what factors are drivers for fish gut microbiome composition. This study
provides evidence that the environmental parameters studied do not singly play a strong
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role in determining fish gut microbiome, especially at the levels measured in this study,
but other environmental factors should be examined as the environmental interaction with
the fish gut is more complex than could be captured in this specific study. It should be
noted that emerald shiners individually demonstrated that there was significant difference
between fish gut microbiomes of different sizes outside of the various tributary or
environmental BCC effects, though the same finding was not observed in spottail shiner.
Previous research in fish gut microbiome has shown that gut microbiome can be
influenced by the size or age of the fish, and has been linked in change in habitat and diet
as the fish grows larger and enters a different niche in the environment (Nayak., 2010;
Sullam et al., 2012). Interestingly the spottail shiner did not show a significant effect for
fish size, even though a similar range of sizes of fish was captured. This suggests that
spottail shiner show a more consistent life history profile as they grow larger and may not
change diet/habitats as readily as emerald shiner.
The analysis of both species from the same sites also showed that tributaries and
environmental BCC profiles showed significant differences in fish gut BCC. This
analysis also showed that there was also a significant species effect that showed no
significant interactions with the other conditions. This suggests that though both species
share environments and fish gut microbiome responses to habitat and environmental
microbiome, they do so differently. This supports the idea that the fish species have either
an inherent difference in their physiology, behaviour, or diet that result in a significantly
different gut BCC as has been found previously in studies examining different species
inhabiting the same environments (Li et al., 2015; Larsen et al., 2014; Ye et al., 2013).
Previous studies have shown that emerald shiner and spottail shiner have been shown to
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diverge in their diet within this water system (Lake Erie) (Hartman et al., 1992). More
specifically they showed during the Fall months (when these samples were collected),
both emerald and spottail shiner have no significant overlap between their diets. It should
be noted that emerald shiner are found in more of the sites studied than spottail shiner,
again suggesting they may be more generalists and adopt different life history traits
compared to spottail shiners.
This chapter is the first study of this scale to examine the gut microbiome patterns
among multiple fish species. This study provides one of the first examinations of how
environmental parameters and environmental BCC correlate with fish gut BCC across
many different habitats. This study demonstrated that environmental variables that were
shown to correspond with “free” environmental BCC, do not directly affect the
composition of fish gut BCC in multiple species sharing those ecosystems. The findings
of this study explore variation in gut BCC of two species living in shared environments
and demonstrate both species appear to share some variables that relate to significant
changes in fish gut BCC (environmental BCC, and tributary). Alternatively they also
show significant differences between one another (effect of size; species effect). This
study provides an important addition to the growing field of microbiome study in fish and
challenges the finding of recent studies which use NGS to characterize variation in fish
microbiomes, though this study has a larger sample sizes, and examined the habitats of
these fish more thoroughly.
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Chapter 3 – Tables:
Table 3.1: Diversity MANOVA: Emerald Shiner
Regression coefficients and statistics
Coeff.
Shannon_H Constant
-19.295
Total
2.3031
Phosphorus
Total Nitrogen -0.11303
PCWC 1
0.005219
PCWC 2
0.004958
PCM 1
-0.1315
PCM 2
0.28128
PCM 3
-0.02723
PCM 4
0.011755
EMCoord 1
-3.1752
EMCoord 2
-1.9029
EMCoord 3
3.4592
Latitude
0.46046
Longitude
-0.04643
Length
-0.02055
Chao-1
Constant
-3176.4
Total
76.075
Phosphorus
Total Nitrogen -9.3723
PCWC 1
-2.4274
PCWC 2
6.2888
PCM 1
-18.583
PCM 2
20.729
PCM 3
-10.64
PCM 4
5.1266
EMCoord 1
-132.1
EMCoord 2
-33.765
EMCoord 3
91.309
Latitude
58.702
Longitude
-10.775
Length
-0.80846

Std.err.
144.1
2.2124

t
-0.13389
1.041

p
0.89378
0.3006

R2

0.12417
0.13968
0.3045
0.24829
0.31018
0.16585
0.1226
2.4169
1.7032
3.1945
2.0305
0.78052
0.007508
8175.8
125.52

-0.91036
0.037365
0.016283
-0.52962
0.90683
-0.16417
0.09588
-1.3137
-1.1172
1.0829
0.22677
-0.05948
-2.7367
-0.38851
0.60607

0.36501
0.97028
0.98704
0.59765
0.36686
0.86996
0.92382
0.1922
0.26681
0.2817
0.8211
0.9527
0.007449
0.69854
0.54596

0.005396
0.001454
0.033667
0.008477
0.054778
0.013211
0.000561
0.000428
0.011146
0.005916
0.033429
0.000244
0.080064

7.0447
7.9247
17.276
14.087
17.598
9.4096
6.9556
137.13
96.635
181.25
115.2
44.284
0.42599

-1.3304
-0.30631
0.36401
-1.3192
1.1779
-1.1308
0.73705
-0.96335
-0.34941
0.50379
0.50955
-0.24333
-1.8979

0.18667
0.76006
0.71668
0.19038
0.24188
0.26109
0.46297
0.3379
0.72758
0.61561
0.61158
0.80829
0.060851

0.014757
0.061393
0.008129
0.001423
0.000819
0.004879
0.009112
0.028887
0.012446
0.021045
0.020984
0.011228
0.015572

73

0.022333

0.016566

Table 3.2: Diversity MANOVA: Spottail Shiner
Regression coefficients and statistics
Coeff.
Shannon_H Constant
-217.44
Total
-1.0235
Phosphorus
Total Nitrogen 0.14888
PCWC 1
0.48931
PCWC 2
0.17525
PCM 1
-0.16046
PCM 2
-0.00435
PCM 3
-0.17964
PCM 4
0.30517
EM Coord 1
0.64341
EM Coord 2
7.4674
EM Coord 3
2.7918
Latitude
0.6645
Longitude
-2.3274
Length
-0.01299
Chao-1
Constant
-38361
Total
247.66
Phosphorus
Total Nitrogen 11.679
PCWC 1
27.454
PCWC 2
5.6292
PCM 1
-10.808
PCM 2
-3.5935
PCM 3
-11.349
PCM 4
20.577
EM Coord 1
163.4
EM Coord 2
461.07
EM Coord 3
-109.59
Latitude
451.77
Longitude
-233.78
Length
-1.1406

Std.err.
214.96
2.4263

t
-1.0115
-0.42183

p
0.31545
0.67452

R2

0.34085
0.45854
0.4495
0.18995
0.2817
0.28173
0.56566
2.7409
5.2141
5.4127
3.7808
1.4857
0.010223
11361
128.24

0.43678
1.0671
0.38988
-0.84472
-0.01544
-0.63763
0.5395
0.23475
1.4321
0.51578
0.17576
-1.5666
-1.2709
-3.3765
1.9313

0.6637
0.28981
0.69788
0.40132
0.98773
0.52592
0.59136
0.81513
0.15682
0.60773
0.86102
0.122
0.20823
0.001234
0.057747

0.000207
0.023356
0.01586
0.035519
0.010093
0.019837
0.026897
0.000158
0.002126
0.030435
0.000168
0.061336
0.026545

18.015
24.236
23.758
10.04
14.889
14.89
29.897
144.87
275.58
286.08
199.83
78.523
0.54035

0.64828
1.1328
0.23694
-1.0765
-0.24136
-0.76217
0.68825
1.1279
1.6731
-0.38307
2.2608
-2.9772
-2.1108

0.51905
0.2614
0.81344
0.28561
0.81003
0.44867
0.49371
0.26344
0.099048
0.7029
0.027075
0.004064
0.038583

0.041318
0.020487
0.05026
0.004341
0.01105
0.008242
0.062322
0.024133
0.071351
0.010954
0.009854
0.004651
0.017429
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0.011446

0.020593

Table 3.3: Mantel Test Results
Emerald Shiner
ES BCC vs.
Permutation N:
Correlation R:
p (uncorr; onetailed):

Spottail Shiner
ST BCC vs.
Permutation N:
Correlation R:
p (uncorr; onetailed):

Environmental
BCC
9999
0.1476
0.0001*

Environmental
Parameters
9999
0.1119
0.0032*

Spatial

Environmental
BCC
9999
0.1436
0.0001*

Environmental
Parameters
9999
0.08819
0.0121*

Spatial
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9999
0.05817
0.0341*

9999
0.07294
0.0619

Table 3.4: Partial Mantel Tests - Emerald Shiner
Environmental Bacterial Community Composition (BCC)
ES BCC vs Environmental BCC (controlling for Environmental Parameters)
Permutation N:
Partial correlation R:
p (uncorr; onetailed):

9999
0.1359
0.0001*

ES BCC vs Environmental BCC (controlling for Spatial Distance)
Permutation N:
Partial correlation R:
p (uncorr; onetailed):

9999
0.1035
0.0069*

Environmental Parameters
ES BCC vs Environmental Parameters (controlling for Environmental BCC)
Permutation N:
Partial correlation R:
p (uncorr; onetailed):

9999
0.03667
0.2143

Spatial Distance
ES BCC vs Spatial Distance (controlling for Environmental BCC)
Permutation N:
Partial correlation R:
p (uncorr; onetailed):

9999
0.002357
0.4663
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Table 3.5: Partial Mantel Tests - Spottail Shiner
Environmental Bacterial Community Composition (BCC)
ST BCC vs Environmental BCC (controlling for Environmental Parameters)
Permutation N:
Partial correlation R:
p (uncorr; onetailed):

9999
0.1175
0.0056*

Environmental Parameters
ES BCC vs Environmental Parameters (controlling for Environmental BCC)
Permutation N:
Partial correlation R:
p (uncorr; onetailed):

9999
-0.02969
0.7253
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Table 3.6: ES One way PERMANOVA Results
PERMANOVA - Emerald Shiner
Tributary
Permutation N:
Total sum of squares:
Within-group sum of
squares:
F:
p (same):
*Significance P < 0.05

BCC Tributary
Grouping
9999
39.23

9999
39.23

9999
39.23

32
1.77
0.0001

38.07
1.582
0.0037

37.72
1.378
0.0116

Table 3.7: ES Fish Size Pairwise comparison - PERMANOVA Results
M
M
XL
L
S

XL

L
1

1
1
1

0.2412
0.0012

S

1
0.2412

Fish Size

1
0.0012
1

1
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Table 3.8: ES Two way PERMANOVA Results (BCC Tributary Grouping vs Fish Size)
Source
BCC Tributary Grouping
Fish Size
Interaction
Residual
Total

Sum of sqrs df
Mean square F
p
1.1585
2
0.57925
1.1773
0.0029
1.514
3
0.50465
1.0257
0.0082
-10.18
6
-1.6966
-3.4485
0.1542
46.739
95
0.49199
39.232 106

Table 3.9: ES Two way PERMANOVA Results (BCC Tributary Grouping vs Tributary)
Source
BCC Tributary Grouping
Tributary
Interaction
Residual
Total

Sum of sqrs df
Mean square F
p
1.1585
2
0.57925 0.21309
0.0013
7.2297 12
0.60247 0.22164
0.0001
-154
24
-6.4166 -2.3605
0.6071
184.84 68
2.7183
39.232 106

Table 3.10: ES Two way PERMANOVA Results (Fish Size vs Tributary)
Source
Tributary
Fish Size
Interaction
Residual
Total

Sum of sqrs df
Mean square F
p
7.2297 12
0.60247
0.44717
0.0001
1.514
3
0.50465
0.37456
0.0039
-43.614
36
-1.2115
-0.89919
0.7789
74.102 55
1.3473
39.232 106
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Table 3.11: ST One way PERMANOVA Results:
PERMANOVA - Spottail Shiner
Tributary

BCC Tributary Grouping

9999
28.9
24.13
1.56
0.0001

Permutation N:
Total sum of squares:
Within-group sum of squares:
F:
p (same):

Fish Size

9999
28.9
27.77
1.587
0.0058

9999
28.9
27.75
1.065
0.2866

Table 3.12: ST Two way PERMANOVA Results (BCC Tributary Grouping vs Tributary)
Source
BCC Tributary
Grouping
Tributary
Interaction
Residual
Total

Sum of sqrs

df

Mean square

1.1303 2
4.7722 9
-133.56 18
156.56 51
28.902 80

0.56517
0.53025
-7.4198
3.0697
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F
0.18411
0.17273
-2.4171

p
0.0019
0.0001
0.9459

Table 3.13: Combined Fish Data Summary
Tributary
Belle River
Little River
Little River
Lake St. Clair
Puce River
River Canard
Thames River
Thames River
Total

Site I.D.
1
1
2
2
3
3
1
2
8

Number conspecifics
from each species
4
5
4
6
3
3
3
3
31
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Table 3.14: Combined Species; one way PERMANOVA
PERMANOVA – Combined Species
Species
BCC Tributary
Effect
Grouping
9999
Permutation N:
22.09
Total sum of squares:
21.53
Within-group sum of squares:
1.567
F:
0.0207
p (same):

9999
22.09
20.43
2.403
0.0001

Fish
Tributary Size
9999
9999
22.09
22.09
19.17
20.99
1.708
1.009
0.431
0.0002

Table 3.15: Combined species; two way PERMANOVA – Species Effect vs BCC Tributary
Grouping
Source
Species
BCC Tributary
Grouping
Interaction
Residual
Total

Sum of sqrs df
0.56217

1

1.6637
-2.2084
22.072
22.089

2
2
56
61

Mean square F
p
0.56217
1.4263
0.0128
0.83183
-1.1042
0.39414

2.1105
-2.8016

0.0001
0.3119

Table 3.16: Combined species; two way PERMANOVA – Species Effect vs Tributary
Source
Sum of sqrs df
0.56217
Species
2.9225
Tributary
-2.0711
Interaction
20.675
Residual
22.089
Total

1
5
5
50
61

Mean square F
p
0.56217
1.3595
0.0115
0.5845
1.4135
0.0001
-0.41422 -1.0017
0.0866
0.41351

Table 3.17: Combined species; two way PERMANOVA – Tributary vs BCC Tributary Grouping
Source
Tributary
BCC Tributary
Grouping
Interaction
Residual
Total

Sum of sqrs df
2.9225
1.6637
-60.545
78.048
22.089

Mean square
F
p
5
0.5845 0.32952
0.0002
2
10
44
61
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0.83183
-6.0545
1.7738

0.46895
-3.4133

0.0001
0.9996
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CHAPTER 4
Conclusions
This study provides an extensive examination of biogeography of microbial
organisms in freshwater environments. To understand the biogeography of freshwater
microbiota, correlations of microbiota with 32 different environmental variables across
53 sites in 18 different tributaries were conducted (the selected sites were in one of the
most important freshwater watersheds in the world).
The application of novel technology, next generation sequencing (NGS) for
metagenomics analysis provided a powerful approach for characterizing and quantifying
microbial community variation in-depth, and allowed me to determine relationships
between community structure and the environment that previously were unobservable
(due to the unculturable nature of the majority of the microbes).
Based on the results from this research, there is clear evidence that microbial
communities are driven significantly environmental parameters, rather than spatial
distance. Furthermore, the clustering of these microbial groups is associated with specific
environmental parameters that strongly support patterns in aquatic microbial
biogeography that have been previously observed, but on smaller scales. The finding that
similar microbial communities clustered together regardless of the spatial isolation of
these groups supports the Baas-Becking hypothesis ("Everything is everywhere, but the
environment selects") and provides insight into the fundamental questions of microbial
biogeography.
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The findings of this study also lend support to the potential use of microbial
communities as biondicators of the health of an ecosystem as they show a pattern of
variation that is sensitive to specific environmental parameter variation. Also now that
NGS is becoming less logistically challenging and less costly, the characterization of
microbial communities and measurement of environmental parameters with an increased
sampling effort can be combined with geographic modelling systems such as GIS to map
microbial communities over space and time. By doing so a better understanding of how
these communities shift with environmental changes over time can be observed, and will
open up the next chapter of exciting research in microbial biogeography.
The power of this study allows us to ask very important questions about the
microbes that exist on and within other organisms. The study of microbiomes is a rapidly
growing area of research and this study provided insight into how and why microbiome
communities vary in different organisms. This study showed that fish have, to some
degree, control over their microbiome and that it is isolated in a sense as their gut has less
diversity, on average, than the water column. This study explored how the microbiome
of two closely related species, varied in relation to a set of environmental parameters,
different habitats, and different environmental tributary profiles. Few studies examine
how environmental microbial communities affect fish microbiomes and the finding of
this study, that fish do allow external bacteria into their body to “inform” their
microbiomes is very exciting. This is a surprising result as most studies have shown
different results, and some patterns that other studies have attributed to genotypes may
actually be an environmental effect of the microbial communities within those sites. Also
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the fact that the microbiomes of these fish are different in sites that follow the same
pattern as the environmental microbial communities is very interesting.
The finding that there are differences between the same species that live in the
same sites is also interesting, showing evidence that not all species react similarly to their
environmental bacterial communities. The observed species effects on microbiome BCC
could reflect differences in life histories, habitat niches, diet etc., or it may be an
indication of evolved genetic differences in how the fish interact and co-evolve with their
microbiome. This thesis encourages the study of other species to provide a fundemental
understanding of the basic science examining the microbiome of fish. Fish provide an
excellent model to study environmental effects on microbiome structure as they are in
direct contact with their environment and are constantly influenced by their
environmental microbial communities than most mammals, which have been the primary
model species up to this point. This also suggests that though there has been previous
research showing evidence for core microbiomes in fish, it is also clear that the fish
microbiome is fluid and it may shift in response to the environment that the fish is living
in. The majority of studies that characterize fish gut microbiomes included a much
smaller sample sizeand often only focused on one species at a time, but our large scale
and multiple species provide a great data set to understand and theorize about important
drivers for microbiome construction and maintenance.
Future studies:
Perhaps more studies can be done to see if the patterns observed in this study hold
true in different water sheds with different species to further examine the variation
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amongst the microbiomes of different species of fish. Additionally this study specifically
selected known environmental parameters that had previously been shown to be
important in determining the structure of microbial communities, but they are not
comprehensive, additional studies examining organic pollutants or other specific
contaminants known to have physiological impacts on fish in natural environments,
should be considered in future studies. Additionally the gene expression of these
communities should be measured to determine which taxa are of a community are more
active in response to specific environmental profiles, and to gain a truly quantitative
measure of the abundances of bacteria in a given ecosystem. This study also looked at the
microbial communities at one point in time (snap-shot); a follow up study should see if
those patterns still exist in different seasons and at different time points to see how
constant these environmental microbial profiles are, and if they also change with a shift
in environmental conditions.
This study didn’t focus on known polluted site with extremely high levels of
pollutant profiles, so it would be interesting to see the type of response an “extreme”
environment would have to the patterns that were observed. Also, an analysis between
specific important genera between the different types of microbial clusters identified in
this study needs to be done to see which microbes are increasing in response to what
types of environments. All in all this study sheds light on the very important field of
microbial biogeography, and also raises exciting new research opportunities to be further
explored in subsequent studies.
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APPENDICES
Appendix A

Table A.1: Environmental Measures Correlation Matrix

92

Table A.2: PCA Summary for Metals
PCM
Axes
1
2
3
4

Eigenvalue % variance
8.233
32.932
4.38037
17.521
2.35763
9.4305
2.114
8.456
Total:
68.33

Table A.3: PCA Loadings for Metals
Loadings
Al
As
B
Ba
Be
Bi
Ca
Cd
Co
Cr
Cu
Fe
K
Mg
Mn
Mo
Na
Ni
Pb
Sb
Si
Sr
Ti
V
Zn

PCM 1
PCM 2
PCM 3
-0.3553 -0.09718
0.91058
0.19035 0.081537 0.60364
0.45924 0.55702 0.17197
0.62958 0.59699 -0.13393
0.74418 -0.19959 0.32089
-0.09348 0.19263 0.17704
0.32063 0.75074 -0.30773
-0.02697 0.20929 0.36502
0.66017 -0.26308 -0.22689
-0.2358 0.062804
0.89317
0.72692 -0.00038 -0.09634
0.90049 -0.34581 -0.08161
0.21792 0.60634 0.19048
0.26618 0.74502 -0.30939
-0.10013 0.017146 -0.08426
0.25443 0.31884 0.77963
0.025527 0.83568 -0.13349
0.74275 0.36006 0.10272
0.48015
-0.1154 0.41958
0.27634 -0.03631 -0.52624
0.89116 -0.02486 -0.17878
-0.00887 0.68649
-0.3166
0.74401 -0.31879 -0.12035
0.90413 -0.28874 -0.14094
0.55118 0.35759
0.3284
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PCM 4
0.082305
0.35644
-0.27944
0.14576
0.28055
0.2677
0.2549
0.41711
-0.03248
0.25166
-0.29338
0.12412
-0.66193
0.28044
0.22175
0.083142
0.23216
-0.31793
0.17609
-0.19008
-0.0293
0.38111
0.18473
0.027115
-0.59134

Table A.4: PCA Summary for Water Characteristics
PCWC Eigenvalue % variance
1
2.07
41.39
2
1.23
24.64
Total:
66.03

Table A.5: PCA Loadings for Water Characteristics
Loadings
Water Temperature
Specific Conductance
Dissolved Oxygen
pH
Oxidation Reduction Potential

PCWC 1 PCWC 2
-0.44743
0.5437
-0.15927 -0.75661
0.32398
0.83183
0.19504
0.84443
0.47013
-0.66242
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Table A.6: Metal Detection Limits
Sample
ID
Al
As
B
Ba
Be
Bi
Ca
Cd
Co
Cr
Cu
Fe
K
Mg
Mn
Mo
Na
Ni
Pb
Sb
Si
Sr
Ti
V
Zn

Lower Detection Limit
(ug/L)
8.002164
10.08576
13.3312
0.050217
0.020607
39.92137
7.061437
0.269963
1.209892
0.225552
0.659886
0.898992
4.593939
1.030182
0.077675
12.59008
46.2722
1.039546
1.118288
3.103787
3.208809
0.018541
1.203164
0.632679
0.356839
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Table A.7: Tributary Size Width Comparisons

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

Stream
Name
Otter Creek
St. Clair
River
Little Bear
Creek
Sydenam
River
Rankin
Creek
Lake St.
Clair
Jeannettes
Creek
Baptiste
Creek
Thames
River
Ruscom
River
Belle River
Puce River
Little River
Detroit River
Turkey
Creek
River Canard
Big Creek
Sturgeon
Creek

Average Stream Width
24.8
680.09

Min Stream
Width
12.19
549.84

Max Stream
Width
41.26
885.48

32.49

16.86

55.42

100.99

61.41

166.78

15.99

9.46

23.03

27540

27300

27780

35.23

16.21

53.65

59.95

54.29

65.62

93.50

132.19

40.80

15.96

58.3

35.47
17.50
11.17
1779.19
16.69

24.75
3.72
4.95
667.59
1

46.16
28.09
16.98
2710
34.1

56.66
49.73
22.43

33.33
14.45
1.5

80
71
43.37
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Appendix B

Table B.1: Emerald Shiner Capture Site PCA Summary - Metals

PCM
1
2
3
4

%
Eigenvalue variance
7.10
28.42
5.78
23.15
3.13
12.55
2.27
9.10
Total
73.24
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Table B.2: Emerald Shiner Capture Site PCA Loadings - Metals
Loadings PCM 1
PCM 2
PCM 3
PCM 4
Al
0.94297
0.24231
-0.07414
0.12774
As
-0.06275
-0.3289
0.16807
0.37579
B
-0.42676
0.63023
0.058067
0.026569
Ba
-0.04426
0.83127
0.40157
-0.15016
Be
0.52835
0.21916
0.13976
0.44158
Bi
-0.20156
-0.07727
0.44653
-0.32428
Ca
-0.17988
0.74052
-0.11573
-0.31292
Cd
-0.05873
-0.05601
0.65168
0.3659
Co
0.39308
0.21038
0.019124
0.35571
Cr
0.84386
0.18163
0.44
0.16076
Cu
0.20232
0.63406
-0.16485
0.079161
Fe
0.93195
0.29088
0.003883
0.14693
K
-0.5809
0.67394
-0.35834
0.17746
Mg
-0.06962
0.79307
0.056301
-0.40443
Mn
0.585
0.45118
0.34072
-0.27183
Mo
-0.68686
0.42127
-0.14117
0.38697
Na
-0.41519
0.4155
0.75297
-0.11629
Ni
-0.36305
0.73576
-0.29718
0.38912
Pb
0.24029 -0.07694
0.47035
0.68572
Sb
0.37387
0.11277
-0.32725
-0.30278
Si
0.59442
0.70215
-0.14788
-0.06567
Sr
-0.32395
0.30409
0.8345
-0.2051
Ti
0.83675
0.11928
-0.08755
-0.21253
V
0.87194
0.31697
-0.19493
0.059621
Zn
-0.56645
0.68346
-0.21634
0.37861
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Table B.3: Emerald Shiner Capture Site PCA Loadings – Water Quality
%
PCWC Eigenvalue variance
1
2.64162
52.83
2
1.22218
24.44
Total:
77.27
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Table B.4: Emerald Shiner Capture Site PCA Loadings – Water Quality
Loadings
Water Temperature
Specific Conductance
Dissolved Oxygen
pH
Oxidation Reduction Potential

PCWC 1 PCWC 2
-0.70299
0.48658
0.33006 -0.87207
0.89636
0.23329
0.87256
0.3993
-0.68822
-0.10516
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Table B.5: Emerald Shiner Capture Site Environmental BCC PCoA – Summary

Axis

%
Eigenvalue variance
1
4.6082
44.60
2
1.2061
11.67
3
1.0609
10.26
Total:
66.54
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Table B.6: Spottail Shiner Capture Site PCA Summary - Metals

PCM
1
2
3
4

%
Eigenvalue variance
9.70749
40.44
5.38226
22.42
3.00564
12.52
1.859
7.74
Total:
81.14
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Table B.7: Spottail Shiner Capture Site PCA Loadings – Metals
Loadings
Al
B
Ba
Be
Bi
Ca
Cd
Co
Cr
Cu
Fe
K
Mg
Mn
Mo
Na
Ni
Pb
Sb
Si
Sr
Ti
V
Zn

PCM 1
PCM 2
PCM 3
PCM 4
0.98064
-0.10277
0.041796
0.063391
-0.24466
0.73447
0.41287
-0.28756
0.51393
0.65559
-0.45358
0.24602
0.63911
-0.06411
0.35357
0.55629
-0.41155
0.36406
-0.22678
0.58718
0.37508
0.61808
-0.48077
0.027819
-0.10567
-0.28847
0.61642
0.24466
0.63285
0.20239
0.2229
0.21935
0.91685
0.081334
-0.02718
0.20479
0.44422
0.39423
0.26242
-0.42196
0.97197
-0.11069
-0.00383
0.099793
-0.05949
0.77864
0.36877
-0.41621
0.21571
0.70606
-0.49879
-0.03976
0.56036
0.21417
-0.56035
0.028358
-0.62409
0.64604
0.23005
0.25234
-0.47609
0.86178
0.066639
0.095623
0.90944
0.10537
0.25428
0.068829
0.57423
0.10598
0.54621
0.44196
0.68542
0.27161
0.10085
-0.28139
0.80816
0.44432
-0.08673
-0.18498
-0.49335
0.77379
-0.15547
0.3227
0.83272
-0.28223
-0.26969
-0.20233
0.96171
-0.13202
-0.08991
-0.02389
0.43278
0.53407
0.69209
-0.10622
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Table B.8: Spottail Shiner Capture Site PCA Loadings – Water Quality
%
PCWC Eigenvalue variance
1
3.02637
60.52
2
1.01431
20.28
Total:
80.30
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Table B.9: Spottail Shiner Capture Site PCA Loadings – Water Quality
Loadings
Water Temperature
Specific Conductance
Dissolved Oxygen
pH
Oxidation Reduction Potential

PCWC 1 PCWC 2
0.20758
0.96921
-0.88106
-0.13797
0.89086
-0.1855
0.95317 -0.06869
-0.71053
0.12951
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Table B.10: Spottail Shiner Capture Site Environmental BCC PCoA – Summary

Axis
1
2

Eigenvalue
3.4433
1.152
Total:

%
variance
45.91
15.36
61.27
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